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EXECUTIVE SUMMARY

INTRODUCTION

The global utilization of nuclear energy has come along way from its humble beginningsin the
first sustained nuclear reaction at the University of Chicago in 1942. Today, there are over

440 nuclear reactorsin 31 countries producing approximately 16% of the electrical energy used
worldwide. In the United States, 104 nuclear reactors currently provide 19% of electrical energy
used nationally. The International Atomic Energy Agency projects significant growth in the
utilization of nuclear power over the next several decades due to increasing demand for energy
and environmental concerns related to emissions from fossil plants. There are 28 new nuclear
plants currently under construction including 10 in China, 8 in India, and 4 in Russia. In the
United States, there have been notifications to the Nuclear Regulatory Commission of intentions
to apply for combined construction and operating licenses for 27 new units over the next decade.

The projected growth in nuclear power has focused increasing attention on issues related to the
permanent disposal of nuclear waste, the proliferation of nuclear weapons technologies and
materials, and the sustainability of a once-through nuclear fuel cycle. In addition, the effective
utilization of nuclear power will require continued improvements in nuclear technology,
particularly related to safety and efficiency. In al of these areas, the performance of materials
and chemical processes under extreme conditionsis alimiting factor. The related basic research
challenges represent some of the most demanding tests of our fundamental understanding of
materials science and chemistry, and they provide significant opportunities for advancing basic
science with broad impacts for nuclear reactor materials, fuels, waste forms, and separations
techniques. Of particular importance is the role that new nanoscal e characterization and
computational tools can play in addressing these challenges. These tools, which include DOE
synchrotron X-ray sources, neutron sources, nanoscal e science research centers, and
supercomputers, offer the opportunity to transform and accelerate the fundamental materials and
chemical sciences that underpin technology devel opment for advanced nuclear energy systems.

The fundamental challengeis to understand and control chemical and physical phenomenain
multi-component systems from femto-seconds to millennia, at temperatures to 1000°C, and for
radiation doses to hundreds of displacements per atom (dpa). Thisis a scientific challenge of
enormous proportions, with broad implications in the materials science and chemistry of
complex systems. New understanding is required for microstructural evolution and phase
stability under relevant chemical and physical conditions, chemistry and structural evolution at
interfaces, chemical behavior of actinide and fission-product solutions, and nuclear and thermo-
mechanica phenomenain fuels and waste forms. First-principles approaches are needed to
describe f-electron systems, design molecules for separations, and explain materials failure
mechanisms. Nanoscale synthesis and characterization methods are needed to understand and
design materials and interfaces with radiation, temperature, and corrosion resistance. Dynamical
measurements are required to understand fundamental physical and chemical phenomena. New
multiscale approaches are needed to integrate this knowledge into accurate models of relevant
phenomena and complex systems across multiple length and time scales.
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WORKSHOP

The Department of Energy (DOE) Workshop on Basic Research Needs for Advanced Nuclear
Energy Systems was convened in July 2006 to identify new, emerging, and scientifically
challenging areas in materials and chemical sciences that have the potential for significant
impact on advanced nuclear energy systems. Sponsored by the DOE Office of Basic Energy
Sciences (BES), the workshop provided recommendations for priority research directions and
crosscutting research themes that underpin the development of advanced materials, fuels, waste
forms, and separations technologies for the effective utilization of nuclear power. A total of
235 invited experts from 31 universities, 11 nationa laboratories, 6 industries, 3 government
agencies, and 11 foreign countries attended the workshop.

The workshop was the sixth in a series of BES workshops focused on identifying basic research
needs to overcome short-term showstoppers and to formulate long-term grand challenges related
to energy technologies. These workshops have followed a common format that includes the
development of atechnology perspectives resource document prior to the workshop, a plenary
session including invited presentations from technology and research experts, and topical panels
to determine basic research needs and recommended research directions. Reports from the
workshops are available on the BES website at http://www.sc.doe.gov/bes/reports/list.html.

The workshop began with a plenary session of invited presentations from national and
international experts on science and technology related to nuclear energy. The presentations
included nuclear technology, industry, and international perspectives, and an overview of the
Global Nuclear Energy Partnership. Frontier research presentations were given on relevant topics
in materials science, chemistry, and computer simulation. Following the plenary session, the
workshop divided into six panels: Materials under Extreme Conditions, Chemistry under
Extreme Conditions, Separations Science, Advanced Actinide Fuels, Advanced Waste Forms,
and Predictive Modeling and Simulation. In addition, there was a crosscut panel that |ooked for
areas of synergy across the six topical panels. The panels were composed of basic research
leaders in the relevant fields from universities, national laboratories, and other institutions. In
advance of the workshop, panelists were provided with atechnology perspectives resource
document that described the technology and applied R& D needs for advanced nuclear energy
systems. In addition, technology experts were assigned to each of the panels to ensure that the
basic research discussions were informed by a current understanding of technology issues.

The panels were charged with defining the state of the art in their topical research area,
describing the related basic research challenges that must be overcome to provide breakthrough
technology opportunities, and recommending basic research directions to address these
challenges. These basic research challenges and recommended research directions were
consolidated into Scientific Grand Challenges, Priority Research Directions, and Crosscutting
Research Themes. These results are summarized below and described in detail in the full report.

SCIENTIFIC GRAND CHALLENGES

Scientific Grand Challenges represent barriers to fundamental understanding that, if overcome,
could transform the related scientific field. Historical examples of scientific grand challenges
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with far-reaching scientific and technological impacts include the structure of DNA, the
understanding of quantum behavior, and the explanation of nuclear fission. Theoretical
breakthroughs and new experimental capabilities are often key to addressing these challenges. In
advanced nuclear energy systems, scientific grand challenges focus on the fundamental materials
and chemical sciences that underpin the performance of materials and processes under extreme
conditions of radiation, temperature, and corrosive environments. Addressing these challenges
offers the potential of revolutionary new approaches to developing improved materials and
processes for nuclear applications. The workshop identified the following three Scientific Grand
Challenges.

Resolving the f-electron challenge to master the chemistry and physics of actinides and actinide-
bearing materials. The introduction of new actinide-based fuels for advanced nuclear energy
systems requires new chemical separations strategies and predictive understanding of fuel and
waste-form fabrication and performance. However, current computational electronic-structure
approaches are inadequate to describe the electronic behavior of actinide materials, and the
multiplicity of chemical forms and oxidation states for these elements complicates their behavior
in fuels, solutions, and waste forms. Advances in density functional theory aswell asin the
treatment of relativistic effects are needed in order to understand and predict the behavior of
these strongly correlated electron systems.

Developing a first-principles, multiscale description of material propertiesin complex materials
under extreme conditions. The long-term stability and mechanical integrity of structural
materials, fuels, claddings, and waste forms are governed by the kinetics of microstructure and
interface evolution under the combined influence of radiation, high temperature, and stress.
Controlling the mechanical and chemical properties of materials under these extreme conditions
will require the ability to relate phase stability and mechanical behavior to afirst-principles
understanding of defect production, diffusion, trapping, and interaction. New synthesis
techniques based on the nanoscale design of materials offer opportunities for mitigating the
effects of radiation damage through the development and control of nanostructured defect sinks.
However, a unified, predictive multiscale theory that couples all relevant time and length scales
in microstructure evolution and phase stability must be developed. In addition, fundamental
advances are needed in nanoscal e characterization, diffusion, thermodynamics, and in situ
studies of fracture and deformation.

Under standing and designing new molecular systems to gain unprecedented control of chemical
selectivity during processing. Advanced separations technologies for nuclear fuel reprocessing
will require unprecedented control of chemical selectivity in complex environments. This control
requires the ability to design, synthesize, characterize, and simulate molecular systems that
selectively trap and release target molecules and ions with high efficiency under extreme
conditions and to understand how mesoscal e phenomena such as nanophase behavior and
energetics in macromolecular systems impact partitioning. New capabilities in molecular
spectroscopy, imaging, and computational modeling offer opportunities for breakthroughsin this
area.
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PRIORITY RESEARCH DIRECTIONS

Priority Research Directions are areas of basic research that have the highest potential for impact
in a specific research or technology area. They represent opportunities that align with scientific
grand challenges, emerging research opportunities, and related technology priorities. The
workshop identified nine Priority Research Directions for basic research related to advanced
nuclear energy systems.

Nanoscale design of materials and interfaces that radically extend performance limitsin extreme
radiation environments. The fundamental understanding of the interaction of defects with
nanostructures offers the potential for the design of materials and interfaces that mitigate
radiation damage by controlling defect behavior. New research is needed in the design, synthesis,
nanoscal e characterization, and time-resolved study of nanostructured materials and interfaces
that offer the potential to control defect production, trapping, and interaction under extreme
conditions.

Physics and chemistry of actinide-bearing materials and the f-electron challenge. A robust
theory of the electronic structure of actinides will provide an improved understanding of their
physical and chemical properties and behavior, leading to opportunities for advances in fuels and
waste forms. New advances in exchange and correlation functionals in density functional theory
aswell asin the treatment of relativistic effects and in software implementation on advanced
computer architectures are needed to overcome the challenges of adequately treating the
behavior of 4f and 5f electrons, namely, strong correlation, spin-orbit coupling, and multiplet
complexity, as well as additional relativistic effects. Advances are needed in the application of
these new el ectronic structure methods for f-element-containing molecules and solids to calculate
the properties of defects in multi-component systems, and in the fundamental understanding of
related chemical and physical properties at high temperature.

Microstructure and property stability under extreme conditions. The predictive understanding of
microstructural evolution and property changes under extreme conditionsis essential for the
rational design of materials for structural, fuels, and waste-form applications. Advances are
needed to develop afirst-principles understanding of the relationship of defect properties and
microstructural evolution to mechanical behavior and phase stability. Thiswill require a closely
coupled approach of in situ studies of nanoscale and mechanical behavior with multiscal e theory.

Mastering actinide and fission product chemistry under all chemical conditions. A more accurate
understanding of the electronic structure of the complexes of actinide and fission products will
expand our ability to predict their behavior quantitatively under conditions relevant to all stages
in fuel reprocessing (separations, dissolution, and stabilization of waste forms) and in new media
that are proposed for advanced processing systems. This knowledge must be supplemented by
accurate prediction and manipulation of solvent properties and chemical reactivitiesin non-
traditional separation systems such as modern “tunable’ solvent systems. Thiswill require
guantitative, fundamental understanding of the mechanisms of solvent tunability, the factors
[imiting control over solvent properties, the forces driving chemical speciation, and modes of
controlling reactions. Basic research needs include f-element el ectronic structure and bonding,
speciation and reactivity, thermodynamics, and solution behavior.
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Exploiting organization to achieve selectivity at multiple length scales. Harnessing the
complexity of organization that occurs at the mesoscale in solution or at interfaces will lead to
new separation systems that provide for greatly increased selectivity in the recovery of target
species and reduced formation of secondary waste streams through ligand degradation. Research
directionsinclude design of ligands and other selectivity agents, expanding the range of

sel ection/rel ease mechanisms, fundamental understanding of phase phenomena and self-
assembly in separations, and separations systems employing agueous solvents.

Adaptive material-environment interfaces for extreme chemical conditions. Chemistry at
interfaces will play a crucial rolein the fabrication, performance, and stability of materialsin
amost every aspect of Advanced Nuclear Energy Systems, from fuel, claddings, and pressure
vesselsin reactors to fuel reprocessing and separations, and ultimately to long-term waste
storage. Revolutionary advances in the understanding of interfacial chemistry of materials
through devel opments in new modeling and in situ experimental techniques offer the ability to
design materia interfaces capable of providing dynamic, universal stability over awide range of
conditions and with much greater “ self-healing” capabilities. Achieving the necessary scientific
advances will require moving beyond interfacial chemistry in ultra-high-vacuum environments to
the development of in situ techniques for monitoring the chemistry at fluid/solid and solid/solid
interfaces under conditions of high pressure and temperature and harsh chemical environments.

Fundamental effects of radiation and radiolysisin chemical processes. The reprocessing of
nuclear fuel and the storage of nuclear waste present environments that include substantial
radiation fields. A predictive understanding of the chemical processes resulting from intense
radiation, high temperatures, and extremes of acidity and redox potential on chemical speciation
isrequired to enhance efficient, targeted separations processes and effective storage of nuclear
waste. In particular, the effect of radiation on the chemistries of ligands, ionic liquids, polymers,
and molten saltsis poorly understood. Thereisaneed for an improved understanding of the
fundamental processes that affect the formation of radicals and ultimately control the
accumulation of radiation-induced damage to separation systems and waste forms.

Fundamental thermodynamics and kinetic processes in multi-component systems for fuel
fabrication and performance. The fabrication and performance of advanced nuclear fuels,
particularly those containing the minor actinides, is a significant challenge that requires a
fundamental understanding of the thermodynamics, transport, and chemical behavior of complex
materials during processing and irradiation. Global thermochemica models of complex phases
that are informed by ab initio calculations of materials properties and high-throughput predictive
models of complex transport and phase segregation will be required for full fuel fabrication and
performance cal culations. These models, when coupled with appropriate experimental efforts,
will lead to significantly improved fuel performance by creating novel tailored fuel forms.

Predictive multiscale modeling of materials and chemical phenomena in multi-component
systems under extreme conditions. The advent of large-scale (petaflop) simulations will
significantly enhance the prospect of probing important molecular-level mechanisms underlying
the macroscopic phenomena of solution and interfacial chemistry in actinide-bearing systems
and of materials and fuels fabrication, performance, and failure under extreme conditions. There
isan urgent need to develop multiscale algorithms capable of efficiently treating systems whose
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time evolution is controlled by activated processes and rare events. Although satisfactory
solutions are lacking, there are promising directions, including accel erated molecular dynamics
(MD) and adaptive kinetic Monte Carlo methods, which should be pursued. Many fundamental
problems in advanced nuclear energy systemswill benefit from multi-physics, multiscale
simulation methods that can span time scales from picoseconds to seconds and longer, including
fission product transport in nuclear fuels, the evolution of microstructure of irradiated materials,
the migration of radionuclides in nuclear waste forms, and the behavior of complex separations
media.

CROSSCUTTING RESEARCH THEMES

Crosscutting Research Themes are research directions that transcend a specific research area or
discipline, providing afoundation for progressin fundamental science on a broad front. These
themes are typicaly interdisciplinary, leveraging results from multiple fields and approaches to
provide new insights and underpinning understanding. Many of the fundamental science issues
related to materials, fuels, waste forms, and separations technol ogies have crosscutting themes
and synergies. The workshop identified four crosscutting basic research themes related to
materials and chemical processes for advanced nuclear energy systems:

Tailored nanostructures for radiation-resistant functional and structural materials. Thereis
evidence that the design and control of speciaized nanostructures and defect complexes can
create sinks for radiation-induced defects and impurities, enabling the development of highly
radiation-resistant materials. New capabilities in the synthesis and characterization of materials
with controlled nanoscal e structure offer opportunities for the development of tailored
nanostructures for structural applications, fuels, and waste forms. This approach crosscuts
advanced materials synthesis and processing, radiation effects, nanoscal e characterization, and
simulation.

Solution and solid-state chemistry of 4f and 5f electron systems. Advances in the basic science of
4f and 5f electron systemsin materials and solutions offer the opportunity to extend condensed
matter physics and reaction chemistry on abroad front, including applications that impact the
development of nuclear fuels, waste forms, and separations technologies. Thisis akey enabling
science for the fundamental understanding of actinide-bearing materials and solutions.

Physics and chemistry at interfaces and in confined environments. Controlling the structure and
composition of interfacesis essentia to ensuring the long-term stability of reactor materials,
fuels, and waste forms. The fundamental understanding of interface science and related transport
and chemical phenomena in extreme environments crosscuts many science and technology areas.
New computational and nanoscal e structure and dynamics measurement tools offer significant
opportunities for advancing interface science with broad impacts on the predictive design of
advanced materials and processes for nuclear energy applications.

Physical and chemical complexity in multi-component systems. Advanced fuels, waste forms,
and separations technologies are highly interactive, multi-component systems. A fundamental
understanding of these complex systems and related structural and phase stability and chemical
reactivity under extreme conditions is needed to develop and predict the performance of
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materials and separations processes in advanced nuclear energy systems. Thisisachallenging
problem in complexity with broad implications across science and technology.

Taken together, these Scientific Grand Challenges, Priority Research Directions, and
Crosscutting Research Themes define the landscape for a science-based approach to the
development of materials and chemical processes for advanced nuclear energy systems. Building
upon new experimental tools and computational capabilities, they presage arenaissancein
fundamental science that underpins the development of materials, fuels, waste forms, and
separations technologies for nuclear energy applications. Addressing these basic research needs
offers the potential to revolutionize the science and technology of advanced nuclear energy
systems by enabling new materials, processes, and predictive modeling, with resulting
improvements in performance and reduction in development times. The fundamental research
outlined in this report offers an outstanding opportunity to advance the materials, chemical, and
computational science of complex systems at multiple length and time scales, furthering both
fundamental understanding and the technology of advanced nuclear energy systems.
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[. INTRODUCTION

The successful deployment of advanced nuclear energy systems depends critically on the
development of new materials and chemical processes that can meet the demanding performance
requirements of these systems under extreme conditions of radiation, temperature, and corrosive
environments, often operating under nonequilibrium thermodynamic conditions. Significant
improvements are needed in the rational design of advanced structural materias, fuels, waste
forms, and separations technologies for nuclear energy applications. Materials and chemical
process development for nuclear applications have been treated primarily as empirical endeavors,
with limited understanding of the underlying physical and chemical phenomena and limited
predictive capability. As aresult, the development of new technology has been costly and time-
consuming, usually requiring decades and often restricted to extrapolation from known systems.

Modern materials and chemical sciences tools offer the opportunity to transform the
development of new materials and chemical processes for nuclear energy applications. These
tools, including powerful X-ray and neutron sources, nanoscal e synthesis and characterization
capabilities, ultrafast spectroscopy, and sophisticated computational modeling, have the potential
to probe physical and chemical mechanisms at the molecular scale and develop fundamental
understanding with predictive capability. This new understanding and predictive capability will
enable a science-based approach to the development of new materials and processes, providing
breakthrough opportunities and broadening and accel erating the development cycle. This report
details the basic research needs for implementing this science-based approach for the design and
development of materials and chemical processes for advanced nuclear energy systems.

The current understanding of fundamental materials and chemical phenomenais inadequate to
support the development of the structural materials, fuels, waste forms, and separations
technologies needed for advanced nuclear energy systems. There islimited knowledge of
microstructural evolution, kinetics, thermodynamics, and chemistry under extreme radiation and
high-temperature conditions. Theory and simulation are inadequate to address complex multi-
component systems, and most models are semiempirical with little predictive capability. Thereis
limited understanding of the behavior of actinides in fuels, and current electronic structure
methods fail for actinide materials. Thereis also limited understanding of radiolysis and
radiation chemistry in separations, and inadequate understanding of actinides and their
complexesin solutions. The role of interfaces in controlling reactions, transport, and phase
stability is poorly understood, particularly in extreme radiation, temperature, and corrosive
environments. Finally, there is limited capability to connect chemical and physical propertiesto
the nanoscale where these properties are actually determined, and no robust way to link single-
scale methods into multiscale simulations, or to perform long-term dynamics cal culations.

This report summarizes the results and conclusions of the Department of Energy (DOE)
Workshop on Basic Research Needs for Advanced Nuclear Energy Systems, held in Bethesda,
Maryland, July 31-August 3, 2006. The purpose of the workshop was to identify basic research
needs and opportunities with afocus on new, emerging, and scientifically challenging areas that
have the potential for significant impact in science and technology related to advanced nuclear
energy systems. Highlighted basic research areas included the materials, chemical, and
theoretical and computational sciences that underpin the development of advanced materials,
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separations technologies, fuels, and waste forms that support the nuclear fuel cycle.
Recommendations were developed for priority research directions targeted at overcoming short-
term showstoppers and long-term grand challenges for the effective utilization of nuclear power.

The workshop was sponsored by the DOE Office of Basic Energy Sciences (BES) and follows
the format of earlier BES workshops, including the overarching “ Basic Research Needs to
Ensure a Secure Energy Future” (October 2002) and topical basic research needs workshops on
the hydrogen economy (May 2003), solar energy utilization (April 2005), superconductivity
(May 2006), and solid-state lighting (May 2006). Reports from these and related workshops are
available on the BES Web site at http://www.sc.doe.gov/bes/reports/list.html.

The workshop included 235 invited attendees from 31 universities, 11 national laboratories,
3 government agencies, 6 industries, and 11 foreign countries. The workshop program and
attendee list are provided in Appendices A and B, respectively.

Following a plenary session on technology needs and basic research challenges for advanced
nuclear energy systems, the workshop was divided into the following six topical panels:
Materials under Extreme Conditions, Chemistry under Extreme Conditions, Separations Science,
Advanced Actinide Fuels, Advanced Waste Forms, and Predictive Modeling and Simulation. In
addition, a crosscut panel identified areas of synergy across the six topical panels. Each panel
was composed of research leadersin the relevant field from universities, national laboratories,
and other institutions. One or more technology experts were assigned to each panel to ensure that
the discussions were informed by a current understanding of technology issues. The remaining
participants, including government agency representatives, rotated freely among the panel
sessions as observers. Participants were provided with atechnology perspectives resource
document in advance of the workshop describing the technology and applied R& D needs for
advanced nuclear systems. This document isincluded in Appendix C. The panels were charged
with defining the state of the art in their topical research areas, describing the related basic
research challenges that must be overcome to create breakthrough technology opportunities, and
recommending basic research directions to address these challenges. Each panel presented a
summary of its resultsin a plenary discussion session at the end of the workshop.

This report was prepared by core writing teams from the seven panels. Consistent with prior BES
basic research needs workshops, the report includes a discussion of science grand challenges
(Section 1), detailed reports from each topical panel (Section 111), recommended priority
research directions (Section V), and adiscussion of crosscutting research themes (Section V).
The priority research directions were consolidated from 24 panel-specific research
recommendations. These recommendations are provided in Appendix D. The conclusions of the
workshop are summarized in Section V1.
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[I. SCIENTIFIC GRAND CHALLENGES

The development of future advanced nuclear energy systems will require new materials and

chemical processing techniques that provide structural integrity, phase stability, and process

efficiency under extreme conditions of radiation, temperature, and corrosive environments for

time scales that in some cases extend to many thousands of years. The effective devel opment of

these new materials, fuels, and processes will require revolutionary advances in our fundamental

understanding of the underlying physics and chemistry of materials performance and process

optimization. Specific scientific grand challenges include the following:

e Resolving the f-electron challenge to master the chemistry and physics of actinides and
actinide-bearing materials.

e Developing afirst-principles, multiscale description of material properties in complex
materials under extreme conditions.

e Understanding and designing new molecular systems to gain unprecedented control of
chemical selectivity during processing.

Over the last two decades, there have been significant advancesin materials and chemical
sciences, particularly related to capabilities for molecular-scale design, synthesis and
characterization, and in first-principles and predictive multiscale modeling of complex systems.
These new capabilities include powerful leading X-ray and neutron facilities, high-resolution

el ectron microscopes and microcharacterization facilities, ultrafast spectroscopy, hanoscale
synthesis and processing, and access to high- performance computing systems and multi-physics,
multiscale algorithms. Taken together and applied in a synergistic manner, they offer
revolutionary new approaches to the scientific grand challenges that limit the development of
advanced materials and processes for nuclear energy applications. Most importantly, they
provide, for the first time, the opportunity to address these challenges at the molecular scale,
where properties and phenomena are actually determined. This presents an extraordinary
opportunity to accelerate and transform the science-based development of structural materials,
fuels, separations processes, and waste forms for advanced nuclear energy systems.

Resolving the f-Electron Challenge to Master the Chemistry and Physics of
Actinides and Actinide-Bearing Materials

The introduction of new actinide-based fuels for advanced nuclear energy systems requires new
chemical separations strategies and predictive understanding of fuel and waste-form fabrication
and performance. However, the chemistry and physics of 4f and 5f electronic systems are not
well understood. The scientific grand challenge is to develop arobust theoretical foundation for
the treatment of actinides and actinide-containing systems. Current computational electronic-
structure approaches are inadequate to describe the electronic behavior of actinide materials, and
the multiplicity of chemical forms and oxidation states for these elements complicate the
behavior of these materialsin fuels, solutions, and waste forms. New advances in exchange and
correlation functionals in density functional theory as well asin the treatment of relativistic
effects and in software implementation on advanced computer architectures are needed to
overcome the challenges of adequately treating the behavior of 5f electrons, namely, strong
correlation, spin-orbit coupling, and multiplet complexity, as well as additional relativistic
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effects. Small-scale physics experiments to elucidate the el ectronic structure and the fundamental
properties of actinides will be required to guide and validate the theory.

Key questions were formulated during the workshop.

o What theoretical developments are required to address strong correlations, spin-orbit
corrections, and relativistic effects and thereby obtain a sound, first-principles description of
the electronic structure of actinide elements?

e What theoretical developments are needed in order to predict the thermodynamics, phase
equilibria, and kinetics of complex actinide mixtures as a function of temperature during
processing and of irradiation fluence during reactor operation?

e What arethe key experimental breakthroughs required to underpin our theoretical
understanding of these f-electron materials and their compounds?

Developing a first-principles, multiscale description of material properties in
complex materials under extreme conditions

The long-term stability and mechanical integrity of structural materials, fuels, claddings, and
waste forms are governed by the kinetics of microstructure and interface evolution under the
combined influence of radiation, high temperature, and stress. New synthesis techniques based
on the nanoscale design of materials offer new approaches to mitigating the effects of radiation
damage on mechanical properties by development and control of nanostructural defect sinks.
However, achieving the ultimate goal of controlling the mechanical properties of materials under
these extreme conditions will require an ability to relate defect properties and microstructure
evolution to phase stability and mechanical behavior through afirst-principles understanding of
the chemistry and physics of defect production, diffusion, trapping and interaction, and of the
thermodynamics and kinetics of phase stability. Recent advancesin computational power and
improved multiscale algorithms offer the promise of realistic simulation of the physics and
chemistry of large numbers of interacting atoms and molecules over redistic length and time
scales. However, a unified, predictive multiscale theory that couples all relevant time and length
scales in microstructure evolution and phase stability does not exist today and must be
developed. In addition, fundamental advances are also needed in nanoscal e characterization,
diffusion, thermodynamics, and in situ studies of fracture and deformation.

Key questions include the following:

e What phenomena and mechanisms limit the performance of structural materials at high
temperature during irradiation?

e How can the deleterious effects of high-dose irradiation on mechanical properties be
mitigated in structural materials?

e What further understanding and devel opment are required to apply current first-principles
and atomistic and phase field models to fully describe irradiation-induced microstructural
evolution in metallic alloys and complex interfaces?

e What agorithm developments are required to obtain atruly integrated multi-physics,
multiscale model of relevant materials behavior?

¢ How can we understand the radiation-induced phenomena, interfacial phenomena, and
effects of chemical composition changes evolving from radioactive decay processes to
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predict the long-term stability and chemical behavior of complexes of fission products and
actinides in waste-form matrices?

Understanding and Designing New Molecular Systems to Gain Unprecedented
Control of Chemical Selectivity during Processing

Advanced separations technologies for nuclear fuel reprocessing will require unprecedented
control of chemical selectivity in complex environments. Advanced separations chemistries must
be devel oped that utilize new and novel (neoteric) chemistry agents, including advanced
chelating agents, ionic liquids, supercritical fluids, and functiona polymers. The grand challenge
isto create new separation agents that are endowed not only with unprecedented capabilities to
perform separations but also with the abilities to survive and even thrive under intense radiation
and other extreme conditions. Meeting this grand challenge requires revolutionary scientific
advancesin our ability to design, synthesize, characterize, and simulate new ligand molecul es
that selectively trap and release target molecules with high efficiency under extreme conditions
and to understand how mesoscal e phenomena (energetics in macromolecular systems, nanophase
behavior) impact partitioning. Moreover, while present knowledge includes a substantial
understanding of the radiation chemistry of water and agueous solutions, there is much less
mechanistic understanding of the effects of radiation on the chemistry of these neoteric agents.
New capabilities in molecular spectroscopy, imaging, and computational modeling offer
opportunities for breakthroughsin this area.

Key questions include the following:

e What are the underlying principles that control the design and control of selectivity at the
molecular scale?

e How can first-principles, predictive models be developed to design high-affinity ligand
molecules and to understand and predict extraction processes?

e How do we extend our fundamental understanding of reaction and separations chemistry to
account for the influence of high-dose-rate and high-dose ionizing radiation environments?

e Can aternate solvents, such asionic liquids and supercritical fluids, yield improved
selectivity and separations factors?
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PANEL 1 REPORT: MATERIALS UNDER EXTREME CONDITIONS

CURRENT STATUS

Research on materials for nuclear energy systems emerged following the World War |1
Manhattan Project, spearheaded by Eugene Wigner’s comments that accumulation of radiation
defectsin graphite may produce an increase in stored energy which could lead to uncontrolled
temperature excursions (Wigner 1946). Widespread research on radiation effects on materials
was further stimulated by President Eisenhower’s Atoms for Peace program in the latter half of
the 1950s. During the late 1960s, the unpredicted discovery of void swelling in structural
materialsirradiated to doses corresponding to afew displacements per atom (Cawthorne and
Fulton 1967) presented a formidable challenge to the development of fast fission reactor systems
that were intended to usher a new generation of nuclear power that would provide virtually
unlimited future power based on existing uranium supplies. The 10 to 15-year delay associated
with solving issues of dimensional instability (void swelling and irradiation creep) in structural
materials, along with a variety of socio-economic considerations including weapons proliferation
concerns, effectively led to the termination of U.S. research on fast fission reactor systemsin the
early 1980s. For the past 20 years, only amodest activity on radiation effects studies on
structural materials has been performed in the United States, primarily for magnetic fusion
energy applications.

In response to broad demand for structural materials capable of operation at ever-increasing
temperatures, primarily for transportation and energy applications, fundamental research and
development (R& D) on thermal creep mechanisms was initiated in the 1950s. The initial
research yielded practical rudimentary metrics such as the Larson-Miller parameter (Larson and
Miller 1952). Research in the 1960s and later years focused on identifying the vast number of
individual thermal creep deformation mechanisms that may occur in materials, which are
dependent on applied stress, temperature, material, and various other extrinsic variables such as
grain size, dislocation density, and size and density of second-phase inclusions. Deformation
mechanism maps (Ashby 1972) provide a useful framework for isolating individual thermal
creep mechanisms, but there continues to be considerable uncertainty in the predictive
capabilities of state-of-the-art thermal creep models even for relatively simple alloy systems.

The pioneering early research resulted in a rudimentary working knowledge of controlling
mechanisms involved in radiation damage and thermal creep of structural materials. Existing
commercia nuclear power systems are largely based on technologies and materias (e.g.,
zircaloy) developed during the 1950s-1960s, before the advent of modern materials science
methods. The lack of abroad-based research program on materials for advanced nuclear energy
systems during the past 20 years suggests that there are many emerging opportunities to apply
modern materials science tools and modeling to enable transformational changes. The recent
availability of ahost of unparalleled experimental tools and computational resources provides an
exciting opportunity to probe the detailed physical mechanisms that control the thermal creep
and radiation stability of materials. This may enable substantially more rapid commercial
deployment of new structural materials compared to the 10-20 years typically required for
conventional alloy development, with a greater confidence in the safe stress-temperature
operating limits.
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Many existing thermal creep (Nabarro and de Villiers 1995) and radiation effects models are
semiempirical, with little predictive capability beyond that offered by interpolation of current
experimental knowledge. Current thermal creep models do not redlistically capture the physics
associated with rate-controlling deformation mechanisms, due to alack of understanding of
fundamental deformation mechanisms such as dislocation attachment and detachment from
second-phase particles. Most existing high-temperature deformation models contain adjustable
constants that are used to fit a given set of experimental data. However, these “ constants’
generally do not provide agood fit to experimental data obtained on other material's, suggesting
that important physical phenomena are not being incorporated. These existing thermal creep
models provide a good basis for development of improved models. However, many examples
exist where current thermal creep models do not correctly predict deformation behavior. An
exampleis the impressive thermal creep resistance of new nanocomposited ferritic steels.

As another example where fundamental knowledge is lacking, the current American Society of
Mechanica Engineers (ASME) superposition methodology for creep-fatigue interactionsis
based not on firm fundamental principles but instead on empirical observations for individual
alloys. These ASME empirica “rules’ are used to establish the allowable operating limits for
structural materialsin applications where public safety issues are important, such as bridges,
public buildings, and chemical and power plants. Large variationsin the creep-fatigue damage
envelope exist for various materials, and there is a clear need to develop improved fundamental
understanding of the controlling physical processes. Similarly, although computational
thermodynamics has made substantial progress in recent years, the current method for
determining the long-term phase stability of materials at extreme temperatures involves
performing numerous expensive long-term aging experiments. Development of predictive phase
stability models would minimize the number of empirical tests at long aging times.

Advanced nuclear energy systems impose harsh radiation damage conditions on structural
materials. Radiation damage is measured in units of displacements per atom (dpa), where 1 dpa
corresponds to stable displacement from their lattice site of all atomsin the material during
irradiation near absolute zero, hence with no thermally activated point defect diffusion and
recombination. Theinitial number of atoms knocked off their lattice site during fast-reactor
neutron irradiation is actually even larger than this, ~100 times the dpa value (Zinkle and Singh
1993). Most of these originally displaced atoms simply hop onto another lattice site during the
~1 ps“thermal spike’ phase of the displacement cascade, as the kinetic energy transferred to the
cascade atoms by the impinging neutron is dissipated to the surrounding lattice atoms (see
sidebar). Thisintense atomic mixing can cause undesirable mixing or destabilization of
nanoscal e features in the irradiated material. In practice, molecular dynamics simulations and
experiments have found that the number of defects produced during energetic neutron irradiation
near absolute zero is approximately one-third the dpavalue, due to kinetic energy—stimulated
recombination events during the cascade cooling. The requirement for structural materialsin
advanced nuclear energy systems (~100-dpa exposure) is daunting, considering that the net
accumulation of point defectsin the form of voids or preferential absorption at dislocations
should result in dimension changes of less than ~5%. Therefore, ~99.95% of “stable”
displacement damage and ~99.9995% of initially dislodged atoms must recombine. The
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THE ATOMIC DISPLACEMENT CASCADE

The fission of uranium produces neutrons with a most probable energy of ~0.7 MeV. These energetic
neutrons interact with the surrounding materials (~1 cm average distance between collisions),
producing substantial displacement collision damage. Molecular dynamics simulations of fission neutron
displacement damage collisions can monitor the temporal and spatial evolution of vacancies (red) and
atoms in interstitial (green) positions. The molecular dynamics figures show the number of displaced
atoms (a) in Fe at the peak of the displacement event, (b) in Fe at the end of the displacement cascade
“thermal spike,” and (c) in Cu at the end of the thermal spike.

concomitant transmutant helium, hydrogen, and other species produced during neutron
irradiation can promote segregation of the point defect species and lead to accelerated
accumulation of radiation damage compared to displacement-only events.

Neutron irradiation can produce large property and dimensional changes in materials, primarily
via one of five radiation damage processes (Zinkle 2005): radiation-induced hardening and
embrittlement (occurring predominantly at low exposure temperatures), phase instabilities from
radiation-induced or -enhanced segregation and precipitation, irradiation creep due to unbalanced
absorption of interstitials vs. vacancies at dislocations, volumetric swelling from cavity
formation, and high-temperature helium embrittlement due to formation of helium-filled cavities
on grain boundaries. The key challenge for materials in advanced nuclear energy systemsisto
identify candidate materials systems that are resistant to all five of the major radiation
degradation processes over the appropriate temperature and dose regimes. It is often possible to
empirically discover one or more materials that exhibit good resistance to one or several of these
five radiation damage processes, but it is extremely challenging to develop a material that
simultaneously exhibits high resistance to all five of the radiation damage mechanisms. For
example, some highly alloyed 12%Cr steels have been found to have high resistance to void
swelling up to damage levelsin excess of 100 dpa, but these same steels have exhibited
pronounced embrittlement at irradiation temperatures below 400°C after damage levels
corresponding to only afew dpa (Klueh 2005).

Ongoing molecular dynamics simulations and supporting experimental studies have provided
key fundamental information on defect formation in displacement cascades, including the effect
of knock-on atom energy and crystal structure on defect production (Phythian et al. 1995;
Averback and Diaz de la Rubia 1998; Stoller 2000; Zinkle 2005). It has also been demonstrated
that large sessile defect clusters are not directly formed in neutron-induced displacement
cascades in BCC metals such asiron (Zinkle and Singh 2006). Thisinitial fine-scale dispersion
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of the radiation defectsis potentially a major contributor to the observed superior resistance of
BCC alloy systems to radiation-induced void swelling compared to FCC materials. Additional
mechanisms such as BCC-vs-FCC differences in the strain field-induced preferential absorption
of interstitial vs. vacancy point defects at dislocations (“dislocation bias”) and differencesin the
interactions between glissile clusters and point defects may also be important.

Although an extensive experimental database has documented the conditions where radiation
hardening and embrittlement occur, the physical mechanism(s) responsible for the flow
localization during plastic deformation of irradiated materialsis unclear. Mechanisms based on
formation of defect-free dislocation channels (Wechsler 1972) as well as hypotheses that the
plastic instability stressisinvariant for unirradiated and irradiated metals (Byun and Farrell
2004) have been proposed. Achieving an understanding of the responsible mechanism(s) is key
for development of higher-strength engineering materials for both unirradiated and irradiated
service. In particular, if the transition to localized necking deformation is associated with a
phenomenon that is initiated when the stress exceeds a critical value, research is needed to
discover the physical basis for the variation in critical stress for different materials. Regarding
radiation hardening and dislocation channel formation, recent molecular dynamics and in situ
transmission electron microscopy (TEM) deformation studies have provided significant new
insight on the interaction and annihilation mechanisms for gliding dislocations impinging on
sessile radiation defect clusters such as dislocations |oops and stacking fault tetrahedra (Robach
et al. 2003; Osetsky et al. 2006; Bacon et a. 2006). However, in general, modeling and
experimental investigations have not been adequately integrated in a manner that more
efficiently identifies operative mechanisms.

Radiation hardening induces an increase in the ductile-brittle transition temperature (DBTT) in
body-centered cubic metals (Odette et al. 2003). Significant improvements in the resistance to
low-temperature radiation embrittlement have been experimentally observed by selective
alloying, such as reducing copper content in reactor pressure vessel steels. The general aspects of
embrittlement due to radiation hardening can be quantitatively modeled with good accuracy
using semiempirical models based on crack extension induced by exceeding athreshold stress
level within acritical volume near the crack tip. However, several fundamental physical factors
that control brittle cleavage and ductile fracture toughness are not well established, such asthe
physical phenomenathat define the magnitude of the threshold fracture stress and critical
stressed volume in the vicinity of alattice flaw. For example, it is not understood why different
neutron-irradiated steels exhibit variations up to afactor-of-two in the rate of increasein DBTT
per unit of yield strength increase.

A substantial experimental database and supporting semiempirical models on radiation-induced
solute segregation to grain boundaries have been established for several technologically
important materials such as stainless steels (Was and Busby 2005). This solute segregation can
lead to localized corrosion as well as precipitation of new particul ate phases that may cause
degradation in mechanical properties. The existing models have been fitted to experimental data
for austenitic stainless steels. However, the models fail to provide even the correct magnitudes
for chromium solute segregation in irradiated ferritic steels and therefore are not predictive
models. The mechanisms controlling stress-assisted corrosion phenomena at interfaces, such as
fuel-cladding interaction and irradiation-assisted stress corrosion cracking, are not understood.
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Limited experimental data suggest that suitable void swelling resistance up to 200 dpa may be
possible under some conditions (Garner et al. 2000), but these data provide mainly empirical
guidelines for development of new radiation-resistant materials. In general, it has been observed
that BCC alloys typically exhibit lower levels of void swelling compared to FCC alloys, but
there are many exceptions to this general trend. A variety of hypotheses have been proposed to
explain the variability in swelling resistance, many of which are centered around the relative
efficiency of interstitial vs. vacancy point defect absorption at dislocations. However, these
hypotheses have not been sufficiently tested to determine their validity. There are also numerous
experimental studies (Lee et al. 1981) and supporting kinetic rate theory models (Mansur 1994)
that suggest finely dispersed nanoscal e phases impart radically improved resistance to radiation
swelling and thermal creep. However, a comprehensive predictive model that incorporates al
key aspects of void nucleation and growth is not yet available.

Further fundamental research is needed to evaluate the effectiveness of various lattice
discontinuities on point defect recombination and high-temperature strength. There is evidence
from experimental studies (Singh and Foreman 1974; Yamada et al. 1994) and molecular
dynamics simulations (Sugio et al. 1998; Samaras et al. 2006) that nanoscal e grain boundaries
are very effective point defect recombination centers. In addition, some studies suggest that the
magnitude of high-temperature helium embrittlement of grain boundaries can be mitigated by
modifying the type of grain boundary (Thorsen et al. 2004), but the detailed roles of grain
boundary—free volume and the specific type of boundary are not understood. An accurate
physical model of point defect absorption at dislocations and nanoscal e precipitates with
coherent or incoherent boundariesis also not available.

ATOMISTIC PROCESSES AT INTERFACES

Interfaces are a rich source of processes that can alter the structure and composition of a solid and, as
a result, its properties. This schematic shows (1) a grain boundary, (2) a surface, and (3) an internal
interface. The following processes are shown: (a) migration of vacancies and interstitials to a grain
boundary acting as a point-defect sink, (b) solute segregation enrichment, (c) precipitation,

(d) dislocation emission, absorption, and trapping, (e) crack propagation, (f) transport to, from, and
along interfaces, (g) solute trapping, (h) defect trapping, and (i) defect recombination.
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Considerable changes have occurred over the past 20 years regarding potential experimental and
computational tools for investigating materials for advanced nuclear energy systems. It is
encouraging to note the available menu of advanced experimental and computational techniques
has significantly expanded over the past two decades, including dedicated large-scale
experimental user facilities such as the Advanced Photon Source and the Spallation Neutron
Source. These unique facilities represent an important opportunity that should be fully exploited
for nuclear systems materials R&D. Conversely, there has been an overall decrease in the
number of available experimental facilities dedicated to nuclear energy materials R&D over the
past 20 years, such as materials test reactors and ion beam and radiological hot-cell test facilities.

BASIC SCIENCE CHALLENGES, OPPORTUNITIES, AND RESEARCH NEEDS

The Current Status given above demonstrates that there are many challenges, opportunities, and
research needs in the area of the basic science of materials under extreme conditions in nuclear
energy systems. Central to thistheme is the fact that there isa critical need for long-term basic
scientific research in several key areas and that there are notable opportunities to capitalize on
recent progress in experimental and computational methodol ogies developed over the past two
decades if the research infrastructure is appropriately enhanced. These opportunities can provide
the scientific underpinnings that will enable implementation of transformational advancesin
technical capabilities of materials in advanced nuclear energy systems. It iscritical that these
investigations fully utilize the knowledge gained from prior radiation effects and mechanical
deformation mechanism studies.

More specifically, we must discover the key mechanisms that render materials resistant to
degradation in extreme conditions of radiation, temperature, stress, and environment. As part of
the discovery process, we must identify the physical and chemical meansto kinetically restrain
microstructural features, at many different length scales, that are inherently far from equilibrium.
We must then integrate this knowledge into novel designs of materials that are radiation resistant
at heretofore unprecedented exposures. We should imagine development of materials systems
that are not limited by radiation dose and are capable of allowing substantial increasesin
operating temperature (e.g., 50% or more) relative to existing systems. And while the goal must
aways be to extend the high-temperature operating regime of materials by mechanistic
approaches, we must also do the same for lower, near-ambient temperatures for which possible
ductile-to-brittle fracture transitions must be accounted for.

Such efforts will require that we capture the complexities of multiscale microstructure-defect
interactions by new experimental and modeling approaches that are seamlessly integrated at each
step of the discovery process. In the domain of theoretical modeling, we must be able to predict
the nonlinear trajectories of microstructural and phase evolution, not only at multiple length
scales but at multiple time scales as well. This knowledge will enable the connecting of materials
properties, especially mechanical and chemical, to fundamental processes occurring at the
nanoscale and thereby determine the mechanisms controlling the microstructure, phase, and
dimensional stability of nanostructured materials that are certain to find application in the next
generation of nuclear energy systems. The models developed must be able to suggest, explain,
and extrapolate experimental findings at different radiation fluxes, temperatures, and
environments at the level of petascale computational end stations on the research horizon.
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Experimentally, we must fully exploit neutron, X-ray and electron beam facilities for a new
generation of experiments that are informed by science-based models and include in situ
mesoscal e characterization of mechanical and chemical behavior of materialsin complex
environments. Such an approach must champion the devel opment of new experimental
techniques and allow reconfiguration (and in some cases the rebirth) of existing systems that will
make possible such a paradigm shift in the scientific discovery process for new materials based
on the tight coupling of experiments and modeling.

The focus on development of knowledge in new physics regimes for atomic-scale manipulation
of nanostructured structural materials cannot be overemphasized. New understanding of the
nanostructural basis for the properties of materials and their stability when exposed to irradiation,
temperature, stress, and aggressive environmentsis critically needed. This need is especialy
important with regard to all types of interfacesin materials, given that engineered interfaces and
their potential defect-trapping capacities currently appear to offer an exciting direction on which
to base future fundamental alloy development approaches for nuclear energy systems. Thus, we
must understand the controlling mechanisms of mass transport and chemical interactions at
interfaces and the roles of irradiation, temperature, stress, and environment. The factors that
determine interface stability under these complex extreme conditions must also be understood,
while we a so determine the extent to which interface evolution can be controlled by nanometer-
scale design. The research approach will necessarily require coupled modeling and experiments
for proper characterization of interface-defect interactions and their effects on materials
properties. The scientific protocol must incorporate the very complex issue of environmental
interactions and reactions at crack tips and the role that functionalized interfaces have on the
degradation processes under stress. The goal of research on interfaces should include obtaining a
science-based predictive understanding of environmental attack at high radiation fluxes,
temperatures, and stresses and development of functionalized interfaces that will lead to
revolutionary advances such as elimination of lifetime-limiting degradation of materialsin
nuclear energy systems.

The complexity of nuclear energy systems suggests many specific research questions that must
be answered under the rubric of fundamental understanding of materials under extreme
conditions. The following listing is only a partial one involving some examples of the topics
discussed by our panel.

e What are the fundamental limits, in terms of propagation of dislocations and their interaction
with matrix obstacles, in strength and toughness for structural materials?

e What are the fundamental phenomenathat control the plastic flow and fracture properties,
both at low and elevated temperatures, of structural materials under extreme conditions of
radiation, stress and environment?

e Inwhat ways are the principles of macroscopic equilibrium materials science altered at the
nanoscale and under non-equilibrium thermodynamic conditions, and how do we simulate
such processes?

e What are the steps in developing a fundamental understanding of microstructural evolution
and phase stability under non-equilibrium conditions in extreme environments that are
needed to enable advances in materials design beyond the current experimental observation-
based approach?
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What new understanding and research developments are required to apply first-principles
calculations and atomistic models to fully describe irradiation-induced defects and
microstructural evolution in materials for nuclear energy systems?

What are the mechanisms by which ionizing radiation enhances or suppresses point defect
accumulation in materials?

What are the effects of various lattice discontinuities on point-defect recombination
processes, and how can this knowledge be used to design materials with greatly improved
radiation tolerance? Can we modify the preferential interstitial point defect absorption bias of
dislocations?

What is the correct physical description of electron and phonon transport and scattering in
materials that will enable understanding of degradation of thermal and electrical conductivity
due to point, line, and planar defects?

What is the effect of crystal structure and atomic order, disorder or noncrystallinity on the
properties of matter as they pertain to applications in nuclear energy systems?

What is the effect of joining methods (welding, etc.) on the strength and radiation stability of
materials? What controls the maximum dose (radiation damage, helium accumulation, etc.)
that irradiated materials can be successfully joined without introduction of catastrophic
cracking?

Why are BCC metallic materials intrinsically more resistant than FCC metallic materialsto
radiation-induced swelling, creep, and helium embrittlement of gram boundaries? What are
the model systems, metallic and non-metallic, that must be investigated to understand the
intrinsic differences in radiation tolerance among materials classes? Can the efficiency of
retained displacement damage defects in neutron-induced collision cascades be altered?
Given that radiation damage is inherently a multiscale phenomenon, with interacting
phenomena ranging from lengths of nanometers to meters and times of sub-picoseconds to
decades, how can we accurately model the nonlinear trgjectories of microstructural and phase
evolution at multiple length and time scales and how can these models be strongly coupled to
nanoscal e and mesoscal e experiments?

How do we effectively link existing single-scale computational methods, which have varying
degrees of physical robustness, into atruly predictive multiscale, multi-physics suite of tools?
What are the elements of understanding mass transport, chemical processes, and structural
evolution at interfaces in aggressive environments, and how will this knowledge provide a
foundation for determining the controlling environmental degradation phenomena at
interfaces under extreme conditions? What is the potentia role of functionalized interfaces
on mitigation of degradation mechanismsin materials at extreme conditions of irradiation,
temperature, and environment?

How can the aggressive attack of cladding boundaries by fuel materials, including minor
actinides and other fission products, be suppressed?

How can we most effectively utilize the large BES investment in world-class characterization
and computational facilities to design materials for nuclear energy systems, and how can we
best couple them seamlessly in attacking major materials issues? What new materials science
phenomena can be discovered by utilizing probes involving femtosecond laser and X-ray
pulses, or picosecond electron pulses?

What are the new and emerging in situ capabilities that will provide new fundamental
physical insight by characterizing materials phenomena at the nanoscal e and mesoscal e under
extreme conditions of radiation, temperature, stress, and environment?
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CONCLUSIONS

A major goal in research on materials under extreme conditions must be to discover how the
deleterious effects of neutron irradiation can be mitigated or even eliminated in structural
materials. More broadly, we will need to discover the mechanisms that render materials
impervious to the interacting extreme conditions of irradiation, temperature, stress, and
environmental surroundings. A key component will involve successful seamless integration of
novel experimental techniques with advances in the methodology of computational materials
science. The elements of fundamental design of materials must be brought to a revolutionary
new level of accomplishment in a manner that includes the expanded devel opment of
functionalized interfaces for optimization of materials properties.
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PANEL 2 REPORT: CHEMISTRY UNDER EXTREME CONDITIONS

CURRENT STATUS

The new generation of advanced reactors will supersede the present generation of light water
reactors (LWRs). While the LWRs have a good operating record, if a number of factors had been
addressed earlier and operations had been “designed-in” before construction, those reactors could
have been more reliable, safer, and operated at lower costs. Like existing LWRS, the new
generation of reactors will depend on chemical processes operating under extreme conditions of
radiation fields and variables, such as pH, temperature, and pressure. These extreme conditions
will occur in the reactors themselves and in the fuel reprocessing cycles for those reactors.

Surfaces under extreme chemical conditions

A critical factor for performance of material interfacesin advanced nuclear energy systemsisthe
chemical environment in which the surfaces must function. For LWRs, we have considerable
knowledge about the critical fuel-coolant surfaces and heat exchangers. Closure of the fuel cycle
will lead to new types of surfaces and new types of chemical changes, some of which will occur
over years or decades, not just days or months. These surfaces will face molten sodium, lead, or
other metals, or a gas, always at high temperature and in the presence of radiation. This surface
chemistry islikely to lead to unexpected transport of radioactive species (see sidebar on
radioactive transport). An important goal should be to understand the pertinent surface chemistry
and its effects on the materials involved from a fundamental point of view.

Corrosion of structural materials. Lessons learned in the development of LWRs include the need
to pay considerable attention to the corrosion of structural materials in contact with coolants
under extreme conditions. Thus, in theinitial development of boiling water reactors (BWRY), it
was apparently assumed that the plant would simply be conventional with a different *burner”
(nuclear instead of codl, oil, or natural gas) and, hence, that conventional materials could be used
in the heat transport circuits. The result was disastrous. Thus, the role that the el ectrochemical
corrosion potential (ECP) playsin the cracking of structural materials, like stainless steels (see
sidebar on corrosion), was not anticipated, nor was the role of the radiolysis of water in
establishing the ECP appreciated. The resulting stress corrosion cracking of sensitized stainless
stedls has plagued the fleet of BWRs for 30 years and has cost the utilities and consumers tens of
billions of dollars. It is the opinion of many that this, and similar, problems could have been
avoided by an appropriate up-front investment in characterizing materials behavior, and this
lesson must be heeded in the development of the Generation-1V reactors.

In the past, materials have been selected based on whether the chemical environment they will
operate in isoxidizing or reducing. Knowledge about surface chemistry has been captured in
semiempirical models of limited applicability, although considerable advances have been made
in recent years in deterministically predicting corrosion damage in the coolant circuits of LWRS.
While surface chemistry is, in fact, alarge and vigorous field, many of the available studies are
performed in high vacuum or at low temperatures, and the effects of high radiation fields on the
chemistry, and therefore, on the surfaces, are not understood in a fundamental way. If surface
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TRANSPORT OF RADIOACTIVE SPECIES

One area of significant radiological and economic concerns at nuclear facilities is the transport
of radioactive species from the reactor core. The transported materials can take many forms:
activated corrosion products (e.g., *°Co —n,y — *°Co); activated coolant material (e.g., *°0O-n,p
— '®N); fission products from fuel failures, etc. The transported radioactive species can deposit
on system surfaces or can continue to circulate in the coolant. The transported activity can also
appear as an airborne or liquid release (41Ar, *H, 14C) from the plant. The figure below
demonstrates the buildup and decrease of high radiation fields in a nuclear plant’s heat
transport circuit. These high fields required the development of expensive decontamination
technologies that produce large amounts of waste.
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The initial growth and subsequent decrease (as a result of decontamination) of the
radiation fields measured near the steam generators of the prototype CANDU reactor at
Douglas Point (Montford 1973). This reactor operated from 1969 to 1984.

For an atom to be activated, it has to be deposited in-core for a period of time or be present in
materials in-core (e.g., in fuel cladding, fuel channels, grid spacers). Following activation, the
release of the radioactive species by dissolution (corrosion) or wear causes the operational
problem. Mitigation of radioactivity transport for advanced nuclear energy systems (ANES)
concept reactors will require a systematic assessment of the potential sources of isotopes that
can be activated in-core, including trace impurities in the materials of construction and in the
coolant, as well as an understanding of the chemistry involved in the transport and
nonequilibrium behavior of trace species. The chemistry research required will be entirely
reactor specific.

Montford, B. 1973. Decontamination of the Douglas Point Generating Station by Cycling
Techniques, Atomic Energy of Canada Report, AECL-4435.
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CORROSION

All practical metals and alloys in nuclear reactors corrode as metals return to their oxidized states.
The concordant loss of desirable mechanical properties (toughness, tensile strength, etc.) threaten
the integrity of the pressure boundaries, with the result that corrosion is the principal cause of
unscheduled downtime in current nuclear power reactors and is likely to remain the principal cause in
ANES. Corrosion in nuclear plants comes in many forms, including (1) general corrosion, in which
metal is lost more or less uniformly across a
macroscopic surface; (2) pitting corrosion,
resulting in rapid penetration in microscopic
regions; (3) stress corrosion cracking, due to the
co-joint action of a susceptible material, a
corrosive environment, and a tensile stress;

(4) corrosion fatigue, in which the stress varies
with time; (5) and hydrogen-induced cracking,
resulting from the ingress of hydrogen from the
interface into the bulk metal and the subsequent
degradation of mechanical properties. All of
these processes are well documented as having
occurred in current water-cooled reactors, with
stress corrosion cracking being dominant in

boiling water reactors (BWRs) (Fig. 1) o T
(Macdonald et al. 1999; Macdonald 2004). Other | Figure 1: Intergranular stress corrosion
principal mechanisms of failure are likely in cracking (IGSCC) in the sensitized heat-
ANES, such as liquid-metal embrittlement and affected zone adjacent to aweld in Type
grain-boundary penetration in alloys in contact 304 SS piping in a BWR (Source: Structural
with high-temperature gaseous coolants. A Integrity Assomates, Inc., www.structint.com/
particularly important issue is that all localized tekbrefs/sib96154/).

corrosion processes are characterized by
induction times that may be very long (years to decades, in some cases), which makes the detection
of localized corrosion in laboratory experiments problematic, unless accelerated tests are employed.

Macdonald, D. D, I. Balachov, and G. Engelhardt. 1999. “Deterministic Prediction of Localized Corrosion
Damage in Power Plant Coolant Circuits,” Power Plant Chemistry 1, 9.

Macdonald, D. D. 2004. “ Stress Corrosion Cracking in Reactor Coolant Circuits—An Electrochemist’s
Viewpoint,” Power Plant Chemistry 12, 731-747.

chemistries can be adaptive to the challenges presented to them, based on a fundamental
understanding of that chemistry, future reactors can follow a superior track.

Chemistry of separations agents under extreme conditions

Another crucia areafor closing the fuel cycle will be the chemistry of radionuclide separations.
The history of defense and civilian programs has included steps to separate valuable materials
from dangerous wastes, including transuranics and isotopes of cesium and strontium. The
chemistry to accomplish the separations has included a variety of separation agents. Sometimes
these were organic chelating agents of high value and specificity in promoting separations.
Unfortunately, these agents were prone to decompose in ways not well anticipated or understood.
One outcome has been the gradual production of flammable and explosive hydrogen gasin high-
level radioactive waste tanks at Hanford and Savanna River. This hydrogen was the result of
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THE RADIOLYSIS OF WATER

Because early reactors were water cooled, the radiation chemistry of water has been of primary
importance. Radiation chemistry of aqueous media was of critical importance in reactor accidents such
as that at Three Mile Island concerns for storage of wastes such as flammable gas evolution in the
Hanford waste storage tanks. It is also important because humans and other living things are mainly
composed of water, so this chemistry has a role in how living cells respond to radiation, both in
inadvertent exposures and intentional ones, including X-rays and cancer therapy. The decomposition of
water induced by the passage of ionizing radiation leads to the production of transient radical species
(the hydrated electron, e, , H" atom, and OH" radical) and stable molecular species (molecular
hydrogen, H,, and hydrogen peroxide, H,0O,) as indicated in the following equation:

H,O — radiation — e, (2.6), He (0.5), OHe (2.5), H, (0.45), H,0, (0.75)

Steady-state radiolysis would result in the production of each species with the yields given in
parentheses in units of radicals or molecules/100 eV of total energy absorption. These yields are
applicable to fast electron or gamma radiolysis and can vary significantly in heavy ion radiolysis
because the geometry of the local energy deposition affects intratrack reactions. For instance, alpha
particle radiolysis would lead to lower radical yields and higher molecular product yields than found in
gamma radiolysis.

Regardless of the type of radiation, the sum of the equivalent reducing species e,q + He + 2(H,) will
always equal the sum of oxidizing species OHe + 2(H,0,) in neat water. The hydrated electron is a
strong reducing species, while the OHe radical is a strong oxidant. Most of the effects due to the
radiolysis of water are initiated by one of these transient species. Radical species may be
interconverted in selective systems. For example, acidic solutions will convert hydrated electrons to H*
atoms, which are slightly less powerful reducing agents. This ability to change radicals is a useful tool in
controlling the desired effects of water radiolysis.

The transient radical species allow energy deposited in one location to cause radiation damage in
another. For instance, OHe radicals produced in a cell may initiate damage to DNA, while the hydrated
electron may react with a nearby solid interface to initiate or propagate corrosion in reactor
components. Understanding the production, reactivity, and transport of transient species, especially
across liquid — solid interfaces, remains a significant challenge in the radiation chemistry of water.

both thermal and radiation-induced chemistry, but the source of the hydrogen has generally been
organic material introduced as agents of separation.

BASIC RESEARCH NEEDS, OPPORTUNITIES, AND CHALLENGES
Advanced separation chemistries in radiation fields

Closing the fuel cycle will create new needs for advanced separation techniques. One possibility
is electrochemical separation in (inorganic) molten salts (“pyroprocessing”), a highly capable
technique available for batch processing. A second possibility is the development of avariety of
neoteric agents that have the potential to confer unprecedented capabilities for separation of
spent fuels in continuous processes, which meet the competing demands of utilizing nuclides
formerly considered waste, while providing a composition radioactive enough to deter theft and
proliferation. The Panel 3 report describes plans to obtain exquisite control with advanced
agents, of utilizing complex organic molecules capable of highly tuned separations.

22 Panel 2 Report: Chemistry under Extreme Conditions



Our present knowledge includes a substantial understanding of the radiation chemistry of water
(Buxton 2004; Garrett 2005) and aqueous sol utions (see sidebar), but much less is known about
the chemistry of the new and novel (neoteric) chemistry agents, including advanced chelating
agents, ionic liquids (Wishart 2003), supercritical fluids, and functional polymers that advanced
separation chemistries, discussed in the Panel 3 Report, will potentially utilize. Advanced agents
can utilize the potential of complex organic molecules capable of highly turned separations and
may include templated synthesis.

With the development of powerful new separation agents, complementary efforts are needed to
understand, at a mechanistic level, the consequence on the separation processes of the substantial
radiation fields from radioactive decay. A maor consideration is the type of radiation (see
sidebar on «, B, v, and recoil radiation) the agents will need to operate in. The major
radionuclides in atypical aged spent fuel and their contributions are summarized in Table 1.

Table 1. Radionuclidesin spent fuel aged for 10 yearsin descending order of activity
Low LET emitters (8 and y): blue shading; high LET emitters (o and recoil): brown shading
(al quantities are per kg of spent fuel)

Radionuclide Activity, Content, Specific dose Heat load, Radiolysisrate,

Ba/kg mole/kg rate, eV/(kg-s) W/kg moles/(kg-hour)
B¥ics 3x10% |6.8x10° 3.5x10% 56x 10 2.1x10"
Ogr 2x10% | 44x107 5.6 x 10%® 89x10* 3.3x10"
2Am 7x10° | 23x10° 4.0 x 10 6.3x 107 24x107°
#Am 1x 10" |56x10" 5.4 x 10" 8.7x10™ 33x 107
®Tc 8 x 10° 1.3x 107 2.4 x 10" 3.8x10° 1.4 %107
20py 1x10° 49x10° 1.0 x 10™ 1.6 x 107 6.0 x 107°
py 8 x 10’ 15x10™ 4.2 x 10% 6.7 x 10° 25x10°
“Np 1.5x10" | 24x 107 2.4 x 10" 3.7x107° 1.4 x10°®
1%cs 1% 10’ 1.7%x 107 2.7 x 10" 43x 107" 1.6x 107
All low LET 5x10% | 26x107 9.1 x 10" 1.45 5.4 x 107
All high LET 7.1x10"° | 54x10° 401x 10" | 6.41x1072 2.4x107°
Grand total 5.1x 10" | 3.1x 107 9.5 x 10% 1.52 57x10™

Table 1 indicates that over 95% of the radiation in spent fuels presented for separation arises
from low linear energy transfer (LET) (see sidebar on radiation quality) B and y emitters,
principally *¥'Cs and ®Sr, and the balance is mainly due to americium isotopes, which are o
emitters. Similarly, the bulk of some 1.5-W/kg heat load from radioactivity is due to **’Cs and
%5y, while neutron radiation should be practically inconsequential for separation. From the last
columnin Table 1, calculated by assuming afairly high yield of one product molecule per

100 eV of absorbed radiation energy, it is seen that radiolysisis unlikely to drive a deep chemical
modification of the separation media. However, the radiolysisis probably sufficient to distress
the selectivity and depth of separation in at least two ways. One is the radiation-induced
modification of the extracting agents, especially when they are recycled and thereby are exposed
to radiation for extended periods of time. This modification may reduce specificity and result in
co-extraction of undesired metal species. The other is the alteration of the redox speciation of
radionuclides, which may occur through their reactions with highly oxidizing or reducing
radiation-driven radicals and may lead to an incompl ete extraction or stripping. In developing
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ions in water at 1 ps.
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EFFECT OF RADIATION TYPE

Significant changes occur in the radiation field experienced during spent-fuel processing.
Recoil and heavy ions and o particles have a larger linear energy transfer rate (LET = the
stopping power, —dE/dx) than energetic beta (B) particles (fast electrons) and gamma (y) rays.
The difference in LET is a reflection of the structure of the radiation track. The two graphs
below illustrate the differences in radiation track structure between 10-MeV *H and 5-MeV “He

Recoil and heavy ion and o particle tracks
are characterized by higher local
concentrations of radiation-induced
decomposition products than are found with
yrays or B. The chart at the left shows the
difference in the yield of molecular hydrogen
production for v, 10-MeV 'H and 5-MeV “He
radiolysis of aqueous systems of solutes.

Similar radiolytic differences will be
applicable to all the neoteric and
conventional separation media.
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new separation agents, we have an opportunity to endow them not only with unprecedented
capabilities to perform separations but also with the ability to survive and even thrive under
intense radiation and other extreme conditions. If these agents resist decomposition under
radiation, resist production of hydrogen, or utilize their own decomposition products to
regenerate themselves, potentially disastrous problems can be avoided while enjoying the
benefits of advanced separations.

Radiation effects on advanced extraction organic agents. While many advanced separations
agents are organic, the radiation chemistry of organic materials was poorly understood from the
beginning. In some media, it was hypothesized (Dorfman et a. 1970) that the primary cation
produced by ionization rapidly transfers a proton to a neighboring molecule to create aradical:

RH'e + RH — Re + RH," (1)

This hypothesisis a direct analogy to the well-known process in water, H,O™ + H,O — OH® +
HsO", which creates the hydroxyl radical OH®. However, even for the best-studied pure organic
fluids, this hypothesis remains unconfirmed after several decades, and the early (ps or sub-ps)
products are not known. If the proton transfer hypothesis of Reaction (1) is correct and isthe
only, or at least the dominant, process, it guarantees an undesirable high yield of radicals.
Alternatively, and probably more likely, if proton transfer by primary cations is not dominant,
RH"e might undergo ion recombination.

RH'e +& — RH, RH’ 2)

Reaction (2) can either lead to no net chemical changes or to chemistry resulting from formation
of excited states, RH". Ligands, ionic liquids, molten salts, and polymers could be designed to
avoid proton transfer (Reaction 1) or other fast fragmentation reactions. Further, ion
recombination events and excited state formations could be channeled to particular groups
capable of causing non-radiative decay processes with minimal formation of radicals. Radicals,
when formed, could undergo “healing” reactions to restore the original separation agent. The
result could be chemical agents with advanced separation capabilities and greater stability under
radiation.

Roles of ¢, £, and y radiation on separations. Whereas most radiation in spent fuel islow LET 3
and vy, ~5% of the energy deposited arises from o and recoils; an amount that may increase in
Some separation streams as transuranics are concentrated. Recoil and o-particle tracks are
characterized by regions of high-energy deposition density and much higher concentrations of
primary radical products than are found with 3 or y radiation; the yields of various radical
species are also quite different. Most importantly, molecular hydrogen formation can be
significantly greater than for low LET B and vy radiations.

High concentrations and chemical extremes. Solvent extraction separations, such as those
proposed for advanced fuel cycles, will be likely to follow acidic dissolution of spent fuels and
are therefore likely to be carried out in highly acidic media that may also contain other species.
These chemically extreme conditions may modify the effects of radiation of the separation
agents. Although the study of simple systemsis required from a fundamental perspective, studies
must also include multi-component systems, both from a perspective of chemically complex
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scenarios, such as the agqueous/organic phases encountered in current solvent extractions
Processes.

Radionuclide speciation in high radiation fields. An understanding of the changesin the
complexant and redox chemistry of target species under higher radiation fieldsis critical to
designing effective separations. Changes in radionuclide ligation can influence solubility,
whereas changes in redox states can vitiate complexation with separation agents. These changes
must be predictable, and their results must be included in the development of efficient
separations. Ultimately, it could be possible to design separations that utilize radiolysis to affect
separations, such as precipitation reactions, or use redox-active agents that change properties
with changes in solution rest potentials resulting from high radiation fields.

For example, slight changes in redox chemistry can have alarge impact on conventional group
separations, which are accomplished using small differencesin redox potentials exhibited by
target species. Separation processes |ose efficiency or even fail if the elements to be separated
are distributed over multiple oxidation states and/or coordination environments, and thus
partition into multiple process streams. Uranium, neptunium, plutonium, americium, iodine and
technetium are among the radionuclides with important redox state issues.

From a different perspective, in aqueous-based separations, the radiolysis of water produces
hydrogen peroxide. Dissolved H,O, can result in the formation of insoluble actinide peroxides
that themselves have been considered as a method for metal separation (Cleveland 1970). Recent
work has also shown that uranyl ions can form the mineral Studite in acidic solutions containing
peroxide (Kubatko 2003). From a different perspective, slight changesin redox chemistry can
have alarge impact on conventiona group separations, which are accomplished using small
differences in redox potentials exhibited by target species. Separation processes |ose efficiency
or even fail if the elements to be separated are distributed over multiple oxidation states and/or
coordination environments, and thus partition into multiple process streams.

Exoentropic approaches to radionuclide separations. Traditional separation approaches are
generaly designed to operate at room temperature and typically involve negative entropy
changes. Asthe temperature is raised, their efficiencies decrease. New separation approaches
with positive entropy changes, designed to increase in efficiency with increased temperature,
could be used during initial separation steps before the heat-generating isotopes are separated.
For example, the design of an agent which complexes, or otherwise alters, the physical properties
of atarget species at high temperature and is recovered from it at ambient temperature would add
anew degree of performance by utilizing the radiation-generated heat.

Trace impurities in radiation fields

It is essential to detect, anticipate, and control which trace impurities would be created under the
chemically extreme conditions encountered in fuels and heat exchange systems. Trace impurities
are present in the primary fluid by the erosion-corrosion action of the fluid flowing inside the
pipes. In the presence of radiation, the impurities may undergo chemical transformations and
create local environments with large impact on interfaces. For example, metals used in the
primary circuit piping system may contain trace amounts of non-radioactive elements that, once
irradiated, become radioactive, like *®Ni, *®Co. Understanding the nature of the film formed on
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the metal surface due to the presence of the electrolyte will be of prime importance. In genera,
thereisagreat need to measure concentration of trace impuritiesin situ, characterize
transformations they may undergo in the high-radiation and high-temperature fields, and
understand the overall impact that activated trace elements may have on degradation of coolant
piping and heat exchange system materials. Fundamental research will require the development
of new analytical tools providing high spatial and temporal resolution. New diagnostic tools
should be capable for detection of trace elements of mostly unique properties. They should be
also operative in harsh radiation environments. New reliable chemical probes and sensors able to
control trace impurities will improve passive and active safety of advanced nuclear energy
systemsin the GEN |V reactors.

Knowledge repository. A great deal of knowledge has been generated in the past in laboratories
around the world regarding metals and environments similar to the ones used for the reactors of
choice. Dueto the cost of producing data, it is of fundamental importance to develop Fuzzy
Expert Systems and Predicting Pattern Recognition tools to explore “If ... Then ...” scenarios for
the new generation of experiments or designs. Such tools can also be used to avoid repeating
expensive experimentation.

CONCLUSIONS

The realization of the present opportunity for safe, abundant, efficient, and proliferation-resistant
nuclear power will rely on mechanical and chemical systems that will require revolutionary
breakthroughs in advanced chemistry. These are needed to endow a new generation of reactors
with smart surfaces, the chemistry of which is adaptive to their dangerous environment.
Advanced fuel cycleswill confront new demands for highly effective separations. These
demands can be met by new separations agents and media that may be complex, highly tuned,
and therefore potentially vulnerable to chemical extremes, such as intense radiation fields, unless
the principles of radiation chemistry can be applied to protect them by design. Breakthroughsin
chemistry can enable advanced agents to be effective is these harsh environments. These harsh
environments will also introduce many detrimental impurities. Their detection, even at trace
levels, and their management will be essential. Sophisticated techniques will be needed to
analyze and respond to these impurities.
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PANEL 3 REPORT: SEPARATIONS SCIENCE

CURRENT STATUS

More than 60 years have elapsed since operation of the first industrial-scal e actinide separations
process for the recovery of plutonium was initiated. The earliest processes (McKay 1984), based
first on precipitation methods and then on solvent extractions from concentrated salt media, were
comparatively inefficient and generated considerable waste volumes. The PUREX process
(McKay 1990), first deployed 50 years ago, improved both features significantly, including a
50-fold reduction in waste production (Hunter 1993). In fact, PUREX remains the method of
choice in other countries for commercial fuel reprocessing to recover and recycle plutonium and
uranium. During the last 50 years, considerable operational

experience has been gained, though mistakes, as judged now

in hindsight, have been made along the way. The current

legacy of defense wastes and intractable environmental

contamination in the United Statesis one of the by-products

of that 60-year development period (DOE 1997) (Fig. 1). It is

reasonabl e to suggest that this legacy of the Cold War might

be less daunting had there existed a better foundation of

separation science and technology for integrating waste

management into irradiated fuel processing. Now, as our

nation gathers resolve to implement a closed fuel cycle, with

increased emphasis on priorities such as nonproliferation, the ~ Figure 1. At the Hanford site,

. . . . 53 million gallons of high-level
opportunity presents itself to strengthen this foundation radioactive and chemical waste are

through further discovery. stored in 177 underground tanks.

Development of chemical processes (such as PUREX) for complex systems like the partitioning
of dissolved spent fuel start from abase of scientific knowledge and then proceed through the
engineering stage to plant operation. Often, the rate of development of processing outpaces the
rate of science support for such processes. In practice, fixes to processing problems are
frequently made using alengthy Edisonian approach or engineering “work-arounds.” This
approach typically occurs because fundamental knowledge of the applicable chemistry that could
potentially solve the problem islacking. As an example relevant to spent fuel recycling, one of
the long-standing limitations in reprocessing chemistry has been the tendency of the solvent
extraction reagent tributyl phosphate (TBP) to form third phases under high solvent loading
conditions (Vandegrift 1984). During more than 50 years of PUREX processing the world over,
plant operators learned empirically to avoid conditions that promoted third-phase formation. It
has only recently come to light using a U.S. DOE irradiation facility that the third-phase
phenomenon in this case, and likely most cases, is an aspect of nanochemistry. It has been shown
that the TBP complexes self-assemble to form separate, immiscible structured nanophases that
ultimately create a separate liquid phase (Chiarizia 2003a). This example servesto illustrate that
fundamental understanding can greatly improve the progress of industrial applications and,
further, that engineering-scale problems can inspire productive fundamental research.
Investments in fundamental science also contribute to reducing technological risk by providing
the basis for developing alternative processes and by providing a thorough understanding of the
molecular-level performance of existing processes.
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Diversity of separations research

Separations science is a broad discipline, based on fundamental physical, inorganic, organic,
polymer, and coordination chemistry. It has specific applications in many industries (e.g.,
petroleum, mining, chemical, pharmaceutical) and a significant role in process control and
analysis. Severa options are being evaluated in current planning for advanced nuclear energy
systems (ANEYS); these take advantage of one or more known processes from the separations
science toolbox. Development of these tools has often paralleled the pursuit of actinide research
in the service of the nuclear industry.

The significant connections between progress in separations science, actinide chemistry, and the
nuclear fuel cycle are discussed in arecent book chapter (Nash et al. 2006):

Both the science and technology of the actinides as we know them today owe much to
separation science. Conversely, the field of metal ion separations, solvent extraction, and ion
exchange in particular, would not be as important as it is today were it not for the discovery
and exploitation of the actinides. Indeed, the synthesis of the actinides and the elucidation of
their chemical and physical features required continuous development and improvement of
chemical separation techniques. Furthermore, the diverse applications of solvent extraction
and ion exchange for metal ion separations as we know them today received significant
impetus from Cold War tensions (and the production of metric tons of plutonium) and the
development of nuclear power for peaceful uses.

Solvent extraction, precipitation/coprecipitation, and ion exchange procedures have played a
central role in the discovery and characterization of the 5f elements. Each of these
separations techniques likewise has shaped progress in technological applications of actinides
for eectricity production and for nuclear weapons. Recent decades have seen the rise of
pyroelectrometal lurgical separations, wherein the long-term future of actinide separations
may lie.

Efficient chemical separations are an essential feature of actinide science and technology
because (1) aside from U and Th there are no primordial transuranic actinides and so no
natural mineral deposits (though in this sense, spent nuclear fuel isthe equivalent of an
actinide-bearing ore) from which to isolate them and (2) the nuclear techniques employed to
create actinides also induce fission in the heavy metal target atoms producing mixtures that
can include up to one third of the periodic table. Whether for scientific purposes or
technological applications, high degrees of purification of actinides from diverse solid
solutions containing small amounts of the desired material in acomplex solid matrix are
required.

The nuclear fuel cycle has been both the catalyst for the development of new metal-ion
separations systems and at the same time one of the most demanding test beds for the viability of
separations processes. Complex mixtures and harsh conditions are the hallmark of the chemical
processing of nuclear fuels. These factors impact the processing of dissolved spent fuel, no
matter how the separations are carried out. Significant opportunities for new separations to have
an impact on this technology are clearly evident. A reinvigoration of scientific inquiry in this
subject area could enable completely new approaches that improve efficiency while minimizing
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THE DESIGN OF SELECTIVITY IN SEPARATIONS

The current generation of separation systems most often employ liquid-liquid extraction
methods. Through careful design of the extractant (generally small molecule “ligands” with an
affinity for the metal to be separated), it is possible to achieve high decontamination factors in
multiple sequential stages of extraction into an organic solvent and “stripping” or back-
extraction into aqueous media. Control over selectivity is primarily achieved through choice of
the arrangement and identify of donor atoms in the ligand; molecular mechanics is beginning
to guide ligand design. Precedent for sophisticated new extractants making a significant
impact on separations technology is the application of a family of crown ether extractants for
removal of cesium from complex high-level waste (HLW) generated by plutonium production
processes:

Host cavity containing Cs” ion (see cover)

In 2001, the Office of Environmental Management (DOE-EM) selected the Caustic Side
Solvent Extraction (CSSX) process (based upon these ligands) for cesium removal from

34 million gallons of HLW at the Savannah River site (SRS). In tests on both the saltcake in
the tanks and the supernatant solution, decontamination factors in excess of 350,000 have
been demonstrated.

Test line setup in the Savannah River National
Laboratory Shielded Cell
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the generation of wastes. It can be further noted that failure to improve our information base will
limit future opportunities to utilize this important resource more efficiently.

SCIENCE GRAND CHALLENGES, OPPORTUNITIES, AND RESEARCH NEEDS
Separation science fundamental research needs

From the general point of view of the unified theory of separation science and technology
(Giddings 1991), a separation occurs when adriving force acts on the species in a mixture,
causing them to be displaced to different extents in space. Driving forces are described by
chemical potentials. Chemical potentials are manipulated by the thermodynamic variables of
temperature, pressure, volume, and component activities and as these chemical potentials are
possibly influenced by imposition of external electrical, magnetic, gravitational, or radiation
fields. Oneis primarily interested in controlling the differencesin relative spatial displacements.
Fundamentally, selectivity isthe primary focus of scientific inquiry in separations. To control
selectivity, one draws from many branches of chemistry to understand the origin of differences
in the properties of speciesin mixtures and learns how to manipulate the driving forces that act
upon these properties. Thus, separation science is a broad, cross-cutting area of sciencein which
attention is given to properties of species, matrix interactions, and the nature of useful chemical
transformations. Science needs identified in this report fall into these categories.

Chemical transformations of importance that involve spatial displacement mainly include phase
changes and partitioning processes. Hence, the science needs of ANES naturally involve the
thermodynamics and kinetics relating to these phenomena. Because mass generally transfers to
and across phase boundaries in a separation, interfacial phenomena play an integral role. By
browsing standard reference sources (e.g., Ruthven 1997), one may appreciate the breadth of
named separation techniques that have evolved over the years. To simplify our approach to such
breadth and to recognize their common underlying fundamental issues, we may categorize the
techniques according to the types of phases that are involved. Hence, away of identifying
science needs breaks down into understanding the nature of the phases present and the principles
of interactions within and between these phases. Techniques that have found primary use in
nuclear fuel cycle separations include solvent extraction (liquid-liquid), ion exchange (solid-
liquid), volatilization (gas-solid), crystallization (solid-liquid), dissolution (solid-liquid),
adsorption (gas-solid or liquid-solid), and electrorefining (solid-liquid or liquid-liquid). They
have historically found use because they provide good selectivity and throughput while being
friendly to the special needs of radioactive feeds, including remote operation. Although other
less demonstrated techniques (such as those involving membranes or even advanced methods
such as affinity separations) have not been much used, scientific breakthroughs could support the
development of new processes competitive with current baselines. It is also important to evaluate
the suitability of these methods in the context of reprocessing needs associated with new fuel
types or higher burn-up fuels associated with fast reactor systems.

Each method has inherent virtues and limitations:
Solvent extraction: Separation is accomplished by selective partitioning of the target ion or

molecule between mutually immiscible liquid phases, usually water and an organic solvent.
Solute species, typically complexing or redox-active agents, in either phase can be

32 Panel 3 Report: Separations Science



Panel 3 Report: Separations Science

responsible for the separation. Mutually immiscible solutions can be used in a
chromatographic mode or as amembrane if one of the partitioning reagents can be
immobilized in a solid support (an example is extraction chromatography). Improvements
could address goals of reducing waste generation due to degradation and limited recycle of
extractants and reducing the number of extraction stages required by increasing selectivity.

Fundamental research issues in solvent extraction include the following:
e Molecular design for recognition of actinides and selected fission products
— High intrinsic specificity, such as for uranium vs plutonium or americium vs curium
— Group separations, such as 4f-5f elements, cationic fission products and anionic
fission products
Synthetic routes for the high-yield preparation of tailor-made recognition agents
Solvation phenomena and predictability of corresponding thermodynamics
Interfacial phenomena, coal escence, and mass-transport rate
Complexation phenomenain agueous and organic phases
Efficient switching mechanisms (turning a separations reaction on and off)
Exploration of variants such as extraction chromatography, ionic liquids, supercritical
fluid extraction, aqueous biphasic systems, supported liquid membranes, polymer-
supported extraction, membrane-assisted solvent extraction, and centrifugal-partition
chromatography
Radiation effects and chemical stability
e Molecular and dynamics modeling to understand and predict extraction
Prediction of fluid dynamics and coupled mass-transfer processes

lon exchange: Separation is accomplished by selective exchange of a cationic or anionic
species of interest from aliquid phase onto an organic polymeric or inorganic solid material
containing exchangeable ions. The mobile phase is usually aqueous, but other possibilities
exist, such as molten salts. The technique excels for low-concentration (<100 ppm) ions,
where the simplicity of column operation has an economic advantage. However, achieving
fast kinetics and high selectivity remain challenges where breakthroughs could have alarge
impact on fuel-cycle separations. An issue for radionuclide separations has been self-
irradiation of loaded columns and attendant gas generation and degradation.

Fundamental research issues in ion exchange include the following:

e Structure and hydrophobicity/hydrophilicity of ion-exchange materials

e Design and synthesis of tailor-made materials with built-in recognition, controlled
porosity, and facile kinetics

Radiation effects and chemical stability

Efficient elution or switching mechanisms

Diffusion and transport rate

Complexation and speciation in both mobile and solid phases

Volatilization/voloxidation: Separation is accomplished based on the existence or creation of
avolatile species that is able to leave the condensed (solid or liquid) matrix. Changes in the
oxidation state of the target species (voloxidation) can enhance the range of applicable
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elements. Some spent fuel components that have proven amenabl e to such separations are
hexavalent actinides, Tc, Cs, |, Kr, and Xe. This approach is limited by the small numbers of
volatile coordination complexes of most metal ions that are known to exist (fluorides being
one example), but in such cases, it is thought possible to simplify subsequent liquid-phase
separation steps.

Fundamental research issues in volatility-based separations include the following:
e Structure of fuel materials

Radiation effects

Thermodynamic stability of volatile species

Transport of volatile speciesin fuel materials

Reaction mechanisms of solid-phase species with gaseous oxidants

Dissolution and crystallization: To minimize wastes and maximize efficiency for nuclear
fuel reprocessing, quantitative dissolution of the solid matrix (spent fuel) is a necessary first
step. Selective dissolution of either the matrix or by-products of interest can improve
efficiency of the overall process. Fundamental questions for dissolution phenomena concern
the identity and structure of insoluble species (that have been subjected to extensive
radiolytic and thermal stress) and the mechanism of the dissolution reactions at the solid-
liquid interface. Crystallization or precipitation processes are necessary for recovery of
metals from purified streams, such as solvent-extraction product effluents. At some junctures
in fuel processing, selective precipitation of crystalline solids from liquid media can (almost
by definition) provide an avenue to highly purified materials from complex matrices. In other
situations, knowledge of the thermodynamics and kinetics of crystallization may be the key
to preventing unwanted formation of solids, as in zirconium phosphate interfacial “crud” in
solvent extraction, scales on equipment, or fouling deposits in ion exchange resins. In spent-
fuel processing, a complicating factor arises in the challenge of remotely handling (and
moving) radioactive solids.

Fundamental issues in crystallization/dissolution of solids include the following:

e Solid-phase speciation and structure

e Interfacial behavior in crystal growth and dissolution

e Mechanisms of nucleation processes

e Liquid-phase complexation behavior affecting rate of crystallization and solubility

Adsorption: This method isacomplement to ion exchange that can provide useful selective
separation of gas- and liquid-phase species. Adsorption can be a highly effective means of
isolating gaseous materials, such as those that might be emitted in volatilization processes,
but the forces accounting for separation tend to be weak. Presently, adsorption finds its
greatest utility in waste management for low concentrations of the species of interest and for
applications where the species may not even be identified, as in solvent cleanup.

Fundamental issues in adsorption include the following:

e New materialsfor efficient uptake of gaseous species (iodine, xenon, cesium...)
e Interfacial structure and binding mechanisms

e Modeling adsorption phenomena
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Electorefining: For redox-active substances, changing the oxidation state is often the most
profitable pathway to an efficient separation of the target from a complex matrix. This
method is the primary means of partitioning in pyrometallurgical processing of spent fuel,
currently thought to be a promising approach to the recycle of spent fast-burner fuels. The
inherent limitation of electrorefining isits fundamental batch-wise progress that can limit
throughput.

Fundamental issues in el ectrorefining/pyrometal lurgy include the following:

e Thermodynamic and electrochemical data on actinides and fission products in molten
sat/liquid metal systems

Material compatibility issues for pyrochemical systems

Radiation effects

Interfacial phenomena at el ectrode surfaces

Separation of non-redox active species, especialy certain fission products, from molten
salts

Emerging Techniques. Less-well-developed materials and approaches to selective
separations include the use of novel fluid media (supercritical fluids, room-temperature ionic
liquids), agueous biphasic or other systems that rely upon changing or controlling liquid
miscibilities, membranes, and magnetic materials. Although these methods may seem more
exotic, they share common principles of physical behavior and research needs with the above
categories.

Due to the comparative experience base of current separations methods for spent fuel processing,
itislikely that the first stage of fuel recycling for the very large quantities of spent commercial
reactor oxide fuel that have been accumulating since the 1960s will rely on aqueous solvent
extraction processes. As advanced nuclear energy systems develop, current methods will almost
certainly be displaced in favor of aternative methods, at least in part, as the goals of increased
material and energy efficiency and reduced processing footprints become more significant. This
will be particularly true of Gen IV reactor concepts and the actinide-burner reactors that are at
the core of proposed nuclear energy approaches. This drives the need to invest in science which
will address understanding the underlying physical phenomena central to many of these methods.

Grand challenges and opportunities

The broad list of separations issues listed above share several common threads that when taken
together describe a concise list of fundamental science issues relevant to spent fuel processing.
Studies in these topical areas provide potential broad impact for advancing diverse separations
methods relevant to spent fuel processing and more generally. The potential for wide-ranging
improvements in separations systems lifts these concepts to the level of “Grand Scientific
Challenges.”

Design and synthesis of molecular and materials architectures with predetermined properties.
Although many researchers freely use the word “design” to describe the way they approach
developing novel materials or reagents, it is undeniably true that, even when we succeed in
making the target structures, our ability to predict their hitherto uncharacterized functional
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NEW TOOLS TO PROBE STRUCTURE, ELECTRONIC STRUCTURE
Answering questions of complexity

The Office of Basic Energy Sciences (OBES) has invested in new scientific tools that
make it possible to probe the behavior of increasingly complex multiphase systems,
such as those that may be pertinent to advanced separation systems.

Evaluation of the physical processes underlying third-phase formation

An unwanted phenomenon in liquid-liquid extraction processes can be the formation
of a dense “third-phase” organic layer under certain conditions, concentrating
actinides and leading to concerns about criticality and chemical reactivity of nitrate
anions. Small-angle neutron scattering (SANS) has been employed to examine the
mesoscale behavior of these systems. SANS of uranyl or plutonium nitrate solutions
in contact with tributylphosphate/dodecane reveal that supramolecular structures
such as micelles and pseudo-lamellar phases play an important role in the formation
of distinct phases (Chiarizia R. et al. 2003b. Langmuir 19, 9592; Plaue et al. 2006.
Solvent Extraction and lon Exchange 24, 283).

Longer-range order in solutions

Third-generation OBES synchrotron sources provide flux at high enough energies to
determine inner- and outer-sphere structure of metal complexes with extractants in
various solutions. PDF analysis of scattering data reveals short range order in
solutions, and can effectively yield powder patterns from solution data. This allows
definition of the second coordination sphere of molecules in solution (Soderholm.
2005. Anal. Bioanal. Chem. 383, 48).
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propertiesis poor. It must therefore be said that the connection between “structure” and
“function” in the reagent/materials design process is tenuous at best when we rely on current
state-of-the-art predictive, characterization, synthesis and design tools. Given the complexity of
highly organized molecular structures and materials, true design of advanced architectures with
predetermined properties easily stands as a grand challenge. Such properties must encompass
selectivity, kinetics, capacity, etc., but also allow for efficient regeneration while resisting the
traditional pitfalls of current techniques (e.g., fouling and degradation). Materials of interest
range from molecular frameworks now the focus of inquiry in coordination chemistry to solid-
phase materials. We may go a step further in defining this grand challenge, noting that the
synthesis of new molecules and materials still entails such a degree of empiricism that it can be
called an “art.” Indeed, although synthesis relies on a foundation of known chemical reactions
and mechanisms, its success till derives from judicious trial-and-error use of such principles and
essentially intuitive selection of reagents, conditions, solvents, temperature, etc. Clearly, the
second part of this grand challenge lies in elevating synthesis to a more predictable science. The
challenge liesin our inability to predict and ideally control the outcome of chemical reactions.
The development of a complementary set of experimental and computational tools that would
enable the design and preparation of new materials and reagents (including more complex
materials with more specifically designed function) would shorten process development time,
reduce waste by-product creation, improve the efficiency of separation reactions, and enable
completely new approaches to spent fuel partitioning. Expanding this knowledge base has
potential broad applicability in the chemical sciences.

Predictive knowledge of the chemical behavior of actinides and important fission products.
Dissolved spent fuel is acomplex mixture, predominantly composed of uranium and
transuranium elements but also containing a diverse mixture of fission products representing
approximately the middle third of the periodic table at different relative concentrations. Some
components of this system have rather predictable chemistries; others display chemistries that are
far more “interesting,” and often problematic (Fig. 2). Because they are of primary importancein
spent fuel processing and represent more than 96% of the total mass of spent fuel under standard
fuel burn-up operations, the actinides are considered to be the most fruitful target for
fundamental investigations of bonding characteristics. After more than 50 years of fundamental
studies of actinide bonding in avariety of settings, we have learned that the bonding of these ions
(i.e., interactions occurring at the primary points of contact between the metal ion and donor
atoms, the inner coordination sphere) with most donor atoms tends to be largely ionic in nature,
though we are coming to appreciate the role of covalency in actinide bonding. A particularly
important feature of actinide interactions with donor atoms is the slight difference of interaction
strength of trivalent actinides relative to lanthanides with ligand donor atoms that are “ softer”
(i.e., more polarizable or having alower electronegativity) than oxygen. This particular feature
has been long recognized but not fully explained. It is tempting to characterize this feature as
evidence for covalency in the bonding, but definitive demonstration of metal-ligand electron
exchange remains elusive. As understanding of the bonding characteristics lags, the progress of
developing new materials or reagents to assist with this all-important separation is hindered.
Furthermore, because they are radioactive, the properties of actinide elements typically require
special facilities for their handling. This undeniable limitation further slows the rate of progress.
In some connections, the study of nonradioactive analogs can provide useful guidance. However,
for studies of the fundamental bonding interactions, one must conduct investigations of actinide-
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Figure 2: The hydrolysis constants of U(VI) and Np(V) increase by orders of
magnitude asthe temperatureisincreased from 10 to 85°C. This may have a significant
impact on the chemical speciation and behavior of actinides at elevated temperatures (Data
obtained fromRao, L., T. G. Srinivasan, A. Y. Gamov, P. Zanonato, P. Di Bernardo, and
A. Bismondo. 2004. “Hydrolysis of Neptunium(V) at Variable Temperatures (10 to 85 °C),”
Geochim. et Cosmochim. Acta 68, 4821).

bearing materials. The chemical similarity of lanthanides to the transplutonium actinides make
advances in understanding of the comparative chemistry of these groups a high scientific priority
for ANES development. Increased attention to investigations of the fundamental chemistry of
(5f) actinides, particularly their comparisons with the chemically similar (4f) lanthanides, could
yield dramatic improvements in actinide partitioning efficiency.

It is essential that this limitation be addressed in a comprehensive manner, combining
information gained from studies of the thermodynamics and kinetics of reactions (e.g., solvation,
complexation, oxidation/reduction) of lanthanides and actinides in fluid phases, structural
investigations of metal ions and complexesin the solid state and in solution, computational
modeling of species and chemical processes and examination of cooperative processes in these
media. Mining of the existing database of information to guide further studies and extension of
this information base to new media (e.g., room-temperature ionic liquids, supercritical fluids) or
to comparatively unexplored aspects of more conventional condensed phase science (e.g.,
alkaline solutions) are both features of great promise. It is highly likely that full development of
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these concepts could lead to the creation of radical new separations or analysis techniques or to
the institution of more efficient separation “ switching mechanisms’ for more conventional
Separations.

Control of solvation phenomena (aqueous or other media). Success in many separation systems
is often derived from the amplification (or exploitation) of comparatively small energy
differences. For example, the thermodynamic driving force for 2°U/*®U isotope separation using
volatile fluoridesis 10.6 Jouless/mole. The separation is achieved by amplifying this energy
through many repetitions of the separations-inducing reaction. Clearly, viable separations can be
developed from quite small difference in chemical potential, though the total energiesinvolved
may be very large. In condensed media (aqueous, conventional organic, supercritical fluids,
molten salts, liquid metal, ionic liquids), the interactions between the actinide/fission product (or
its coordination complex) and the surrounding medium (the “ solvent”) is typically governed by
low-energy processes. In agueous media, interactions have been extensively studied and
modeled, enabling some predictive capability. For less polar media or more complex multi-
component systems, the present status of knowledge is considerably less well developed. For
emerging unconventional media, virtually nothing is known about the energetics of these
interactions. In the design of viable conventional solvent extraction systems, the compatibility of
solute components, for example, lipophilic complexes of cationsin the organic phase, is
necessary for aviable separation, particularly at high concentrations of the species of interest.
The selection of an appropriate medium for the separation is still governed by semiempirical
relationships and experience. This question of phase compatibility of separation reagents and
coordination complexes is aso impacted by the manipulation of the lipophilic groups that cause
the compounds to preferably partition to the less polar phase. These choices are likewise driven
predominantly by semiempirical relationships or random selection. Increased understanding of
the nature of these “second-sphere” interactions, both with solvent molecules and ions, would
enable more rapid and efficient development of new separation processes. As new separation
systems that rely on condensed-phase interactions are developed (molten salts, room-temperature
ionic liquids (RTILs), supercritical fluids, etc.), completely new interactions become increasingly
important. Development of a fundamental framework for predicting and controlling these
interactions will also speed development of new separations methods based on these
unconventional media. Progress in thisthrust areawill also rely significantly on the synergistic
application of experimental and computational resources. In the broader sphere of scientific
discovery and exploitation of new science for technological advances, impacts in environmental
science, living systems, and natural resource exploitation (e.g., enhanced oil recovery from
conventional sources or oil shale mobilization) can be readily envisioned as important potential
spin-offs of advances in understanding these interactions.

Manipulation of weak interactions to organize novel separation media. The forces accounting
for the existence of chelating agents and solvent molecules are quite strong coval ent-bonding
interactions. The strength and often the progress of interactions between ionic species and
chelating agents or solvent molecules are governed by typically weaker forces like ion-ion or
ion-dipole interactions. Interactions of solute species with solvent molecules in organic solutions
are controlled by far weaker van der Waals forces. However, it must be noted that the cumulative
effect of many weak interactions can be a strong interaction—witness the high boiling nature of
long-chained aliphatic hydrocarbons or the existence of waxes. In solvent extraction systems,
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cumulative effects of this type tend to promote the interactions of solute species. A clear example
of such a phenomenon that impacts directly spent fuel partitioning is the formation of “third
phases.” In solvent extraction systems, the splitting of a biphasic system into atriphasic system
(the third phase may be either solid or liquid) is known to occur when high concentrations of
solute molecules are present in the organic phase. The fundamental chemistry of the self-
organization processes that govern phenomena of this type has not been seriously investigated
until very recently. Small-angle neutron scattering studies have revealed that spontaneous
agglomeration of mini-micelles probably accounts for at |east some of these phenomena.
Descriptive models have been developed to describe some of these features. Beyond providing
more effective descriptions of known behavior, it may be possible to design systemsin which
such mesoscale organization can direct phase behavior or metal partitioning. Systems of this type
have also found utility in the creation of nanomaterials. In the end, studies of the spontaneous
organization of solvents and solute species promise to greatly improve the controllability of
separations. Because coagulation of solute particlesin solution phases impacts awide variety of
systems beyond separations, there is again significant potential for large-scale application of the
methods, techniques, and models that might develop from a concentrated study of these
phenomena.

Descriptions of solid-solution and solution-solution interfaces. Recognizing that some form of
phase transfer is a central component of most (if not all) separations, it is not surprising that
reactions occurring at interfaces are important determinants of the rate of progress of separations
reactions. In the case of solid-liquid or solid-gas phases, one of the two components of the
interface (the solid) iswell organized and immobile in space. Characterization of a solid-liquid
or solid-gas interface thus demands experimental observations and model development
principaly of the fluid phase. For liquid-liquid or liquid-vapor separations, both sides of the
interface are composed of ions, atoms, and molecules in flux. Characterizing such a dynamic
junction when only afew components are present is challenging. In spent fuel processing, the
complexity of theinterface will be greater first due to the diversity of species present and
secondly because of the steady input of ionizing radiation and radiol ytic degradation products,
most of which are quite reactive. The movement of matter into and out from diffusion layersin
such system govern the kinetics of the phase transfer process, and so the rate of progress of the
separation. Macroscopic features of some interfaces have been investigated previoudy, in some
cases in substantial detail. Microscopic features of such interfaces are far more difficult to study;
hence, their features remain obscure. Significant increases in process efficiency could be
achieved with improved understanding of these interactions. A true fundamental understanding
of interfaces, particularly interfacesin rapid flux, could impact a variety of problems beyond the
nuclear-fuels-processing focus area: environmental systems (solid-liquid interfaces), biological
systems (all types of interfaces are relevant), and improved efficiency of separationsin the
chemical processing industries.

Understanding radiolysis effects. Spent fuel is by its nature highly radioactive, even after long
cooling times for the spent fuel. Radioactive decay results in the deposition of thousands to
millions of electron volts of energy, sufficient to disrupt a considerable number of chemical
bonds. Dissipation of such large quantities of kinetic energy cause both thermal effects and
chemical bond breaking, largely through the creation of reactive radical species. These radical
species cause secondary chemical reactions and lead ultimately to the degradation of separations
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media and so to impaired performance of the separation system. Though radiation chemistry of
speciesin solid, liquid, and gaseous phases has been studied for at least 50 years, there does not
exist today a unifying theory that will allow the prediction of the radiation stability of new
separations reagents and other materials. The development of such aframework could enable the
design of new materials and reagents more resistant to radiation damage, the institution of
procedures to protect critical components from radiation-induced change (e.g., oxidation state
alteration of metal ions and chemica decomposition of separations reagents), or perhaps the
creation of self-healing materials capable of repairing the effects of radiation damage. Mitigating
these effects by means of improved understanding of reactivity patterns can be expected to
support significant strides in separations performance. As new materials (and separations
systems) are developed, for example, systems based on RTILS, the existence of a framework for
predicting radiation effects will greatly speed the development of new separation processes based
on their use.

Integration of theory and modeling with advances in experiments. In an ideal world, one might
hope to design new separation systems from first principles of atomic and molecular interactions.
And for greatly simplified systems, it is perhaps possible to imagine accomplishing such afeat
given the current state of the art of computational chemistry. However, the complexity that
defines the entire process of partitioning spent nuclear fuel demands either significant
compartmentalization of the overall problem into manageable pieces or orders-of-magnitude
advances from the current state of the art in computational modeling. Several examples of the
complexity of the problems and opportunities for computational chemistry to have an impact
have been cited previoudly in this report. Each of these approachesis relevant to advancing the
state of the separations art, though they must march forward in lock-step with experimental
progress. The approach most likely to lead to major advancesis to develop both computational
resources and experimental capabilitiesin parallel and with substantial feedback between the
two. A few examples of fertile targets for study include quantum chemical approachesto
describing the interactions of f-electrons with ligand donor atoms, molecular mechanics
modeling of metal-ligand coordination geometries, molecular dynamics modeling of the
organization of multi-component systems, hybrid systems combining these techniques to address
multiple lengthscal es, and the devel opment of process modeling capabilities based on
conventional thermodynamic and kinetic data for molecular interactions. For true utility in
describing separation systems, computational models that can accurately describe phase transfer
processes and organization of atoms and molecules at interfaces are particularly important
challenges. At present, computational capabilities (hardware, software, and information
management) lag behind experimental information; hence, a significant thrust in theory and
modeling is needed to improve the synergy between these components. Advancesin
sophistication of modeling and theory have the promise of significant payoff and, hence, merit
attention as we seek to advance new options for separations of spent nuclear fuel. Thereisalso
clear broad spectrum payoff to be derived from advances in computational chemistry in the wide
range of complex systems that represent real-world problems other than nuclear fuels separation.
Thereislittle doubt that the development of complex computational architectures capable of
dealing with multifaceted problems can assist in the solution of awide range of issuesin the
environment, in resource recovery, and in industrial-scale process development and control.
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CONCLUSIONS

Successful research leading to high selectivity and throughput in separations of actinides and
fission products, either in the context of agueous, pyrochemical, or some alternative approach to
separations, will not only make possible atogether new processes, perhaps with new
proliferation-resistant features, but it will also lead to better economics through reduced footprint
and waste production. Thisis an enormous challenge. Although nature has given us examples of
the ability to attain this level of selectivity in an energy-efficient manner, they do not function
under the rigors of conditions associated with the nuclear fuel cycle. There are a number of
current promising directions in research, however, which will improve our prospects for success.
For thermal techniques such as volatilization, basic understanding of the thermodynamics of
materials at high temperatures under various atmospheres is needed. Breakthroughsin ionic
recognition by designed host molecules will provide completely new possibilities for achieving
extractive selectivity in solvent extraction and ion exchange. Nanostructuring of solid-phaseion-
exchange materials, membranes, and adsorbents will make possible more selective materials,
while greatly enhancing kinetics of mass transfer. Understanding the phenomenon of self-
assembly can impact crystallization technology, adsorption, and extractive methods, where the
self-assembly of individual molecular units about an actinide or fission product could enhance its
separation into asolid or liquid phase. As throughput strongly affects the competitiveness of any
separation technique, kinetics and diffusion represent key aspects of fundamental investigation,
where interfacial phenomena play a critical role. Engineering sciences have avaluable roleto
play in contributing to mass-transfer rate and energy efficiency, and the rate of progress will
depend on good computational models. Many technological advances in both nuclear fuels
processing and related technol ogies could be enabled by advances in these outlined scientific
areas. The crosscutting impact potential of these scientific advancesin other unrelated
technologies is enormous.
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PANEL 4 REPORT: ADVANCED ACTINIDE FUELS

CURRENT STATUS

The development of advanced actinide fuels started at the end of the 1980s when the concept of
transmutation of actinides received worldwide attention among the nuclear research community.
It isdifficult, however, to incorporate the minor actinides (neptunium, americium, curium) into
fuel or into targets for re-irradiation simply because of the increased radiation dose and heat
generation. This has significant implications for the way fuels are fabricated and requires
shielded and remotely operated installations and novel fabrication routes. Not surprisingly, the
first efforts focused on traditional materials such as mixed oxides and metal fuels for fast reactor
applications. For example, in Europe, it was demonstrated in the SUPERFACT experiment
(Prunier et al. 1993) that neptunium and americium can be added to mixed oxide fast-reactor fuel
without affecting the fuel behavior substantially. The concept of incorporating minor actinides
(MASs) in metal fuel was explored inthe U.S. Integral Fast Reactor (IFR) program and by Central
Research Institute of Electric Power Industry (CRIEPI) in Japan, and mixed nitride actinide fuel
was investigated by Japan Atomic Energy Research Institute (JAERI) in Japan.

METALLIC FUEL TYPES

Metal alloy fuels have a long history in fast-reactor applications dating back to the earliest
days of reactor development at the Metallurgical Laboratory of the University of Chicago
and are associated with such notable names as Enrico Fermi, Glenn Seaborg, Eugene
Wigner, and Walter Zinn. The Na-K eutectic-cooled Experimental Breeder Reactor |
(EBR-I), the world’s first experimental fast neutron breeder reactor, employed a number of
metallic fuel cores between 1951 and 1963. Its successor, the Na-cooled Experimental
Breeder Reactor Il (EBR-II), likewise was powered by a number of metallic fuel cores during
its operation from 1964 until 1992. The EBR-Il was used to study the performance of a
variety of experimental metal alloy fuels in addition to a myriad of other fuel types, including
oxides and nitrides. Other fast reactors that have utilized metallic fuel cores include the
Fermi reactor in the United States and the Dounreay reactor in the United Kingdom. Some
of the metallic fuel types used or tested in fast spectrum reactors were high-enriched
uranium (HEU), Pu-Al alloys, U-Mo alloys, U-Pu-Zr alloys, and U-fissium and U-Pu-fissium
alloys (fissium is a mixture of Zr, Nb, Mo, Ru, Rh, and Pd). In addition, many small thermal
spectrum research and test reactors employ metallic fuel such as U-Mo alloys in Al cladding
or dispersion fuel of U-Mo alloy in Al matrix. Recent efforts to develop metal alloy fuels for
actinide transmutation in either fast-flux reactors or accelerator-driven systems of a closed
nuclear fuel cycle have included studies on U-Pu-MA-Zr and Pu-MA-Zr (MA = minor
actinides = Np, Am, Cm) alloys. Metal alloy fuels have demonstrated superior performance
in that they (1) behave in a benign manner during core off-normal events, (2) maintain
integrity to high burnup, and (3) lend themselves to low-loss recycling processes as well as
ease of operation and low MA fabrication loss under remote-handling conditions. However,
most of the fundamental properties and behavior of these materials have not been
measured and are not well understood.

In the next decade, the number of reactor concepts for transmuting actinides will substantially
increase to include thermal reactors and subcritical systems, each requiring its own specific fuel
design. As aresult, other fuel concepts have been proposed, such asinert matrix fuel, in which
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INERT MATRIX FUELS

Inert matrix fuels (IMFs) are nuclear fuels that can be burned in a reactor without producing
additional plutonium or higher actinides. By contrast, a conventional uranium dioxide (UO,) fuel
breeds (produces) the isotope Pu-239 during burnup, because the isotope U-238 (a major
constituent of UO, fuel) transmutes (converts) via neutron capture to Pu-239. Since this
additional plutonium represents a substantial nuclear proliferation risk, IMFs are being
developed to reduce or circumvent this risk.

Although now known as IMF, such materials were originally designated non-fertile fuels (i.e.,
did not breed plutonium during service). Also, recently, in the Advanced Fuel Cycle Initiative
(AFCI) program in the United States, new appellations have surfaced, such as dispersion fuels
(fuels in which actinide-bearing particles are dissolved in an inert or benign matrix) and
transmutation fuels (fuels in which higher actinides are incorporated in a more conventional
fuel form for actinide destruction during fuel burnup).

Inert Matrix Fuel (IMF):
(Zros8Pug21AMg 21)N

The host matrix for the fuel pictured above is zirconium nitride (ZrN). This host was selected
because it possesses high thermal conductivity (prior to irradiation) and because the zirconium
and nitrogen constituents do not transmute during service to form radiotoxic isotopes (Note
that this statement assumes that the nitrogen isotope used in the fuel pellet is nitrogen N-15,
not N-14, in order to avoid formation of the long-lived isotope, carbon C-14, by transmutation.)
The fuel constituents are the actinides plutonium and americium, which were incorporated into
the fuel pellet.

Finally, there has been substantial recent interest in the development of fuels as waste forms.
The idea is to burn an IMF fuel, in order to destroy unwanted actinides (while simultaneously
producing energy), and then to dispose of the spent (used) fuel (without need for further
reprocessing) in a permanent geological repository. This is known as a burn-and-bury
approach to actinide disposition (Sickafus et al. 1999. Ceram. Bull. 78, 69).

plutonium and or minor actinides are dissolved in an inert diluent, and composite fuels, in which
the actinide phase is dispersed, in a ceramic or metal matrix at the microstructural scales. The
role of the diluent or matrix is not necessarily restricted to that of afuel carrier; it can be used to
improve the properties of the fuel, for example, increasing the thermal conductivity or fission gas
retention. New fuel concepts are not limited to only the traditional packing of fuel pelletsin
metallic pins, for example, sphere-pac fuels or coated-particle fuels in advanced packings have
also been proposed. Currently, many of these developments are linked with the Generation 1V
(GEN-IV) reactors, which incorporate the need for recycling of the actinides through the
“Minimize Waste and Optimize Natural Resource Utilization” objective. They are generaly
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TRISO-Coated Particle Fuels

There are other nuclear fuel configurations besides traditional fuel pellets in a cladding. Coated-
particle fuel has been developed and used successfully in high-temperature gas-cooled reactors
around the world over the past three decades. TRISO-coated particles are the fuel of choice for
the Generation-1V Very High Temperature Reactor (VHTR). A variety of fissile and fertile kernels
have been used in particles, including ThC,, ThO,, PuO,, (Th,U)O,, UC,, UO,, and UCO.
Nominal fuel kernel diameters range between 70 and 500 microns. The fuel kernel is surrounded
by a porous graphite buffer layer that absorbs radiation damage, allows space for fission gases
produced during irradiation, and resists kernel migration at high temperature. The buffer layer is
generally about 100 wm thick. Surrounding this buffer layer is a layer of dense pyrolytic carbon, a
SiC layer, and a dense outer pyrolytic carbon layer. The pyrolytic carbon layers act to protect the
SiC layer, which is the pressure boundary for the microsphere; the inner pyrolytic carbon layer
also protects the kernel from corrosive gases that are present during the deposition of the SiC
layer. The pyrolytic carbon layers are typically 40 um; the SiC layer is usually 35 um thick. This
layer arrangement is known as the TRISO coating system, and the coated fuel particle is termed
a microsphere. The microspheres are then overcoated and pressed into a sphere for a pebble-
bed version of the VHTR or into a right circular cylindrical compact for the prismatic version of the
VHTR. Each microsphere acts as a mini pressure vessel. This feature is designed to impart
robustness to the gas reactor fuel system. Experiments have demonstrated that significant fission
product release from this fuel is not anticipated if temperatures remain below 1600°C.

PRISMATIC VHTR FUEL PEBBLE-BED VHTR FUEL
TRISO-coated particles and the associated fuel elements for prismatic and pebble-bed VHTRSs.

PARTICLES

COMPACTS FUEL ELEMENTS

called advanced actinide fuels because they are designed for the more demanding conditionsin

new (advanced) reactor types or new fuel cycles.

Fuel design and fabrication

Fuel development and qualification is traditionally spread over decades, and the processis

costly. The basisfor fuel development has long been empirical and experience based since the

underlying physical mechanisms are not fully understood. Thisis especially true for fuel
fabrication where the experienced-based approach is used to establish abasic “recipe” that
provides a consistent and reproducible product. Parametric studies then lead to alimited
understanding of the effects of process variables.
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The current industrial fabrication process for conventional oxide fuelsis based on adry powder
route. For example, mixed oxide powders of uranium and plutonium (MOX) for light water
reactors (LWRS) is made by blending and milling the two powdersin several stagesto obtain a
material that can be compacted and that will give the required homogeneity and microstructure
after sintering at high temperature. This process is very compatible with hydrochemical
separation processes as they yield the separated products in oxide form, the most stable chemical
form of the actinides under atmospheric conditions. Liquid fabrication routes such as SoL-GEL
have been studied as alternatives, but the increased criticality risk is potentially a serious
drawback. The existing fabrication experience with nitride and carbide fuel is also primarily
based on powder processes, with the oxide being converted into the required product by a high-
temperature carbothermic reduction. To prepare metal fuel, the starting oxide must be reduced to
metal, which is then processed by casting of the liquid alloy. When metal fuel is combined with
pyrochemical separation, the metal form can be maintained.

A common issue in these high-temperature reduction processesis the volatility of americium that
could lead to process losses that need to be captured and recycled in an efficient way. This needs
to be addressed by reducing process temperatures, and possibly by novel fabrication processes. A
common issue to al fabrication processes is the control of the microstructure of the fuel and,
more specifically, the choice of microstructure. Again, in the context of americium in fuel, this
will lead to significant production of helium as aresult of its transmutation during irradiation
(see below). This helium may be contained in the fuel material, but it islikely to be released
from the fuel in-service. One of the key challengesis to optimize the fuel microstructure to deal
with helium, which will require an engineering approach based on fundamental scientific
understanding.

Fuel behavior

In situ reactor experiments and out-of-pile studies have shown that exposure conditions during
irradiation lead to an extremely complex evolution of the fuel and cladding microstructure. These
conditions include radiation damage, temperature gradients, fission product creation, corrosion,
and hydriding. Grain restructuring and fuel swelling can cause pellet-cladding interaction and
thermal conductivity degradation.

An empirical database on the transport kinetics and fate of fission productsis currently available.
This data, combined with fundamental material properties, has been used for mechanistic models
in fuel performance codes, which can be employed for predicting behavior beyond existing
experimental data. Since such data are primarily available for conventional UO, fuel only, fuel
performance codes cannot predict the behavior of advanced actinide fuel. As mentioned above,
particular problems occur, for example, when americium is present in fuel due to significant
production of helium. Experience in Europe has shown that this can lead to substantial swelling
of the fuel at low operating temperatures.

Significantly, there is a substantial lack of knowledge on fundamental materials properties even
for conventional unirradiated fuel materials, and essentially no information exists for most of the
advanced actinide fuels. This situation persists for three reasons. First, the experimental basis for
the properties of most simple compounds of the minor actinidesis small, principally because the
engineering needs did not exist in the past. Second, many of the required experiments are
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THE DISTRIBUTION OF FISSION PRODUCTS IN HIGH BURNUP UO,

The majority of periodic table elements are created within the conventional uranium dioxide fuel
matrix during its time in pile. These elements are accommodated in quite different ways within
the fuel assembly. A seminal paper (Kleykamp. 1985. J. Nucl. Mater. 131, 221) organized the
fission products into four categories depending on the state within which they had been
observed in post-irradiation examination (PIES) experiments. These are as follows:

e Dissolved within the uranium dioxide matrix (i.e., in solid solution) including: Ba, Zr, Y and
the lanthanides,

e Precipitated as a separate oxide phase (the so-called gray phase) including: Ba, Sr, Sn,
Zr, Mo, Cs, Rb

e Precipitated within small metal particles (the so-called five metal particles) including: Mo,
Ru, Rh, Pd, Tc

¢ Volatile elements either released from the UO, matrix or held within small bubbles,
including Kr, Xe, Te, I, Br, Cs

Some elements are clearly partitioned between more than one category. For example, Ba has
(limited) solubility in the uranium dioxide lattice but is also observed as part of the gray phase.
This latter oxide is often described as a substituted BaZrO3 perovskite; that is, the large 12-fold
coordinated Ba site is also occupied by elements such as Sr and the smaller 6-fold Zr site also
accommodates species such as Mo and Sn. Another example of a peripatetic element is Mo,
which is found both in the five metal particles and in the grey phase. The five metal particles are
also known as e-Ru particles because they usually exhibit the structure of this phase. The extent
to which Mo is metallic or part of an oxide depends on the fuel stoichiometry, and, as such, Mo
acts as an oxygen buffer (Nicoll et al. 1997. J. Nucl. Mater. 240, 185).

At high burnup, the number of phases that form and the differences between them can result in
the development of highly complex microstructures. An example is shown in the figure below. In
this case, the majority of volatile gas species have migrated to the grain boundaries and reside
within lenticular bubbles. The five metal particles bubbles are also usually associated with the
gas-filled bubbles. It is not known if the metal particles move to the gas-filled bubbles or if the
gas becomes associated with metal particle precipitates and subsequently forms bubbles.

s .|

The figure shows an electron microscope image of UO, intergranular fracture surfaces showing
grain boundaries with five metal particles located at bubbles. (Reprinted from Nicoll et al. 1997.
J. Nucl. Mater. 240, 185, with permission from Elsevier.)
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complicated: Not only are the materials radioactive, but inherent difficulties exist due to the fact
that the properties of these systems can change sharply with composition, have high vapor
pressures, are highly reactive, and experience internal decay heating. Third, reliable fundamental
thermochemical and thermophysical information cannot yet be generated using computational
techniques due to the lack of an adequate underlying theory of electronic structure in actinides.

Of course, the problem of understanding and devel oping a predictive capability for fuel
microstructural evolution isimmensely challenging, even for phenomena that appear simple. For
example, Fig. 1, which shows the microstructure and chemical element distribution at the edge of
an as-cast U-Pu-MA-Zr aloy fuel slug produced from a high-temperature electric discharge
plasma arc-casting process, highlights many of the Fuels Directive Priority Research Direction
research needs and challenges. It is not clear why this complicated structure formed during this
particular fabrication process since the fundamental understanding of such properties/phenomena
as elemental migration, phase stability, cooling/freezing behavior, viscosity, mold/fuel material
interaction, thermal transport, etc., is not established for these actinide-bearing alloys.

Figure 1: Microstructure and element distribution near the edge of an as-cast U-Pu-
MA-Zr alloy fuel dug produced by a high-temperature electric discharge plasma arc-
casting process.

Cladding behavior

Much of the previous discussion focused on the actinide-bearing component of the fuel.
However, in the reactor environment, the fuel cladding is exposed not only to radiation damage
but to corrosion and hydriding from the coolant. In light-water reactors, considerable experience
and alarge knowledge base exists on the behavior of zirconium alloy nuclear fuel cladding, up to
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burnup levels of 30-35 GWd/ton. The average discharge fuel burnup in LWRs has been steadily
increasing as aresult of longer fuel cycles, which take the fuel into aregion of operation in
which there is considerably less knowledge of fuel behavior. In particular, the rates of in-reactor
degradation processes, which are acceptable in advanced alloys up to the lower burnup levels,
can increase at high burnup due to new mechanisms becoming operative. These mechanisms
need to be fundamentally understood so that safe and economical fuel operation can be ensured.
Two examples of processes that can occur at high burnup are the acceleration of irradiation
growth and the higher susceptibility to reactivity-initiated accidents.

Irradiation-induced growth is the anisotropic deformation of zirconium alloys caused by the
anisotropic partition of vacancies and interstitials to crystallographically oriented defect sinks. In
the early microstructure development under irradiation, the dislocation sink structure consists of
only a-type dislocation loops (interstitials and vacancy type) which form on the prism planes.
Thisresultsin relatively low growth rates from small biases in point-defect absorption into the
same sinks. The situation changes after fluences of about 10 n/m?, when c-component vacancy
loops start to nucleate on the basal planes. Because of the much improved partition of point
defectsin this situation, the growth rate increases substantially, changing from a saturating
growth regime to one that is linear with fluence. In turn, it is believed that the nucleation of c-
component loops may be enhanced by the increased presence of iron (Carlan et al. 1996), as
shown in Fig. 2, resulting from intermetallic precipitate amorphization and dissolution during
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Figure 2: (a) Loop density versusfluencefor iron-containing and non-iron-containing zir conium
(irradiated, respectively, with iron and zir conium ions) showing the influence of iron in nucleating <c>
loops (b) EDS measurements at and in-between loops showing the association of iron with the loops.
(Carlan, T., C. Regnard, M. Griffiths, D. Gilbon, and C. Lemaignan. 1996. “Influence of Ironin the
Nucleation of <c> Component Dislocation Loops in Irradiated Zircaloy-4,” Zirconiumin the Nuclear
Industry, ASTM STP 1295, E. R. Bradley and G. P. Sabol, eds., ASTM International, West Conshohocken,
PA, 638. Reprinted with permission from STP 1295, Zirconiumin the Nuclear Industry: Eleventh
International Symposium, copyright ASTM International, 100 Barr Harbor Drive, West Conshohocken, PA
19428.)

neutron irradiation, as shown in Fig. 3 (Gilbert et al. 1985; Motta and Lemaignan 1992; Y ang
et a. 1986). Thus, two irradiation-induced processes (phase destabilization by irradiation and
iron enhancement of 1oop nucleation) synergistically combine to change the rate of athird
process, irradiation growth. Thisillustrates the challenge of predicting the behavior of materials
subjected to the reactor environment.
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Figure.3: Transmission electron micrographs of second-phase precipitatesin Zircaloy undergoing
amor phization and dissolution under neutron irradiation. (Reprinted from Yang, W. J. S., R. P. Tucker,
B. Cheng, and R. B. Adamson. 1986. Journal of Nuclear Materials 138, 185, with permission from
Elsevier.)

The safety of fuel cladding at high burnup to accidents, such as a reactivity insertion accident
(RIA), is now undergoing confirmatory research. In areactivity insertion accident, a control rod
drop or gection can insert alarge amount of reactivity into the fuel, which then expands against
the cladding, likely causing it to fail, and in the worst case scenario, dispersing fuel particlesinto
the coolant. The amount of energy that can be deposited into the fuel without failure decreases
with reactor exposure (Meyer et al. 1996) (Fig. 4) asaresult of corrosion and hydriding of the
cladding, causing it to fail at lower strains. Of particular importance is the distribution of
hydrogen in the cladding with the presence of a hydride rim or hydride blisters severely
decreasing cladding ductility. Current cladding corrosion rates in advanced alloys should not
cause the cladding to arrive at dangerously high hydrogen concentrations, but uniform waterside
corrosion of zirconium alloys can undergo a change of regime at high exposures (called
breakaway oxidation) and can increase the concentration of hydrogen beyond acceptable levels.
It is necessary to investigate the behavior of advanced alloys after long exposures and understand
the mechanisms that cause the onset of breakaway behavior to ensure continued safe operation of
the fuel at high burnup.
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(@) (b)
Figure 4. (a) Maximum enthalpy increase deposited in the fuel during RIA asa function of oxide
thickness (and related hydriding) (Meyer, R. O., R. K. McCardell, and H. H. Scott. 1997. “A Regulatory
Assessment of Test Data for Reactivity Accidents,” Light Water Reactor Fuel Performance, American
Nuclear Society, La Grange Park, IL, 729); (b) hydride rim for mation during reactor exposure (photo
courtesy R. Daum, Argonne National Laboratory).

In general, it is not well understood how the long-term microstructural changes induced by
irradiation of up to hundreds of dpa might change these and other in-reactor degradation
processes. The investigation of these processes that occur at high burnup, coupled with high-
temperature corrosion testing, could form the initial framework for research programsin high-
burnup, high-temperature operation of zirconium alloys and indeed in other advanced cladding
materials.

BASIC SCIENCE CHALLENGES, OPPORTUNITIES, AND RESEARCH NEEDS

The greatest science challenge associated with advanced actinide fuels can be broadly described
as acquiring the ability to understand and predict the broad range of nuclear, chemical, and
thermo-mechanica phenomenathat synergistically interact to dictate fuel behavior. The science
opportunity liesin developing the fundamental science base that will enable us to move away
from lengthy and costly empirical approaches to fuel development and qualification. The greatest
research need isto integrate revolutionary advances in electronic structure theory, computational
thermodynamics, and innovative, science-driven experiments to obtain the required
understanding of nuclear materials and their behavior.

A successful approach to computational modeling and simulation of actinide fuels and their
performance requires determining the key physical and chemica phenomenataking place at all
length scales, from the atomic through the microstructural to the length scale of the final pellet.
Asin al multiscale smulations, this program is driven by the recognition that different
materials behaviors and properties are critical at different length scales. The overall needs can
be visualized in atop-down approach. Awareness of the information required at the continuum
or macroscal e can help define the needs and simulations at the microstructural scale. Similarly,
the mesoscale microstructural simulations require detailed input on fundamental material and
defect parameters from atomistic and first-principles calculations. Currently, materials research
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is needed at each scale in the problem, and specific research is needed to determine the best
approach to integrating the various components of the multiscale modeling effort.

The most pressing need is at the bottom of the top-down description just given. Currently, an
adequate description does not exist of the thermochemical and thermophysical properties of
relevant actinide compounds, alloys and mixtures (e.g., oxides, nitrides, carbides, metals) or
solutions containing these materials. Accurate modeling of actinide-bearing materials has been
unsuccessful to date because of the complicated el ectronic structure associated with these
materials. The now standard density functional theory employing the local density approximation
or generalized gradient approximation which has been successfully applied to many other
materials fails to describe the behavior of the actinides. A new underlying theory needsto be
developed for the actinides in which the behavior of 5f-electron is controlling. New and robust
electronic structure methods are required. These methods must account for magjor challenges
associated with the 5f electrons, including relativistic effects, spin-orbit interactions, and electron
pair correlations, in order to compute fundamental properties such as defect formation and
migration energies in both the pure metals and compounds (oxides, nitrides, carbides) involving
these metals.

The mechanisms of radiation damage formation in ceramic fuels from elastic collisions with
high-energy neutrons and from fission product recoils, and in particular the electronic stopping
of high-energy ions by these ceramics, are not well understood. Thisis shown by the distinct
effects of fission track damage formation in different materials, such that the primary damage
state, damage superposition, and evolution is not well described by current models. The
mechanisms of damage storage, disordering, and amorphization along fission product tracks
depend on electronic excitation, electron-phonon coupling, and the formation of other electronic
defects. Considerable work is needed to improve our understanding and ability to model such
processes.

Specific model development isrequired at the mesoscale for simulation of fuel microstructural
evolution and its effects on the thermomechanical response of fuel. It is now possible to envisage
that the individual processes relevant to fuel performance can be studied using realistic models
that account for the range of processes occurring in anirradiation field, including (1) the
atomistic behavior of point defects and their clusters; (2) fission gas bubble nucleation,
migration, coalescence, and growth; and (3) precipitate formation and evolution driven by in situ
generation of impurities (solid fission products). A principal requirement for this modeling is
further developments in electronic structure theory mentioned previously. This would enable the
development of interatomic potentials that would permit atomistic simulations of primary
damage formation, and extended defect formation and evolution. The information obtained from
these simulations will provide essential input to the mesoscale models. The increased computing
power available today permits the relevant processes to be simulated at much finer time and
gpatial scales so that the overall microstructure evolution can be understood at a fundamental
level. Because no single model can span the full range of required length and time scales, it is
necessary to use appropriate methods at different scales. A key to realizing the potential benefit
of computational materials science would be arevolutionary advance in the state of the art of
linking of the atomistic, mesoscale, and continuum models.
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Many of the mechanisms relevant to microstructure evolution in fuel involve interfacial
phenomena in heterogeneous structures. These include macroscopic interfaces, where failure can
develop as aresult of pellet-cladding interaction and pellet-cladding bonding at the end of life.
Of equal importance are microscopic interfaces such as exist between bubbles or fission-product
precipitates and fuel matrix, between different grainsin the fuel, and interfacial behavior
between different phases in inert matrix fuels. The challenges to modeling the properties and
evolution of interfaces are both computational and conceptual. Based on defect-generation
information obtained from atomistic simulations, it is necessary to incorporate all relevant grain-
boundary and dislocation processes and transport phenomenato account for solute and fission-
product migration and precipitation. Development of methods to predict species transport and
microstructural evolution is required. Specific model development is also required to pioneer
methods to efficiently model multicomponent systems, including coupled local equilibriaand
nonequilibrium phase diagrams. These include chemical thermodynamic models of many
component systems in which exist both weak and strong interactions between entities. Thus,
solution models will need to be developed that can accommodate multiple interactions, coupled
with significant defect concentrations.

Understanding heat transport properties in complex systems such as solid solutions, composites,
porous media, and materials with variable microstructures has historically depended on empirical
or semiempirical methods. Y et to model fuel behavior, particularly under conditions of varying
temperature and pressure, an evolving and inhomogeneous composition requires a multiscale,
multimodal, time-dependent approach. The scientific basis for such acomplex system will
require an integral technique that is based on physical descriptions of the relevant
structures/materials. These would then need to be linked to provide a three-dimensional image of
thermal transport in nuclear fuels undergoing irradiation. In addition to modeling heat transport
in complex systems, we must simultaneously perform systematic experimental investigations of
properties, such as thermal conductivity as afunction of irradiation time and environment.
Thermal conductivity is significantly degraded by irradiation, yet our understanding of the
mechanisms for such degradation is minimal (see also Priority Research Direction 2).

A vigorous research effort is required to develop revolutionary synthesis approaches and
architectures for advanced nuclear fuel forms. These synthesis approaches could include novel
sol-gel systems employing nontraditional media, vapor deposition methods, self-assembly
methods, and other innovative nanoscal e synthesi s techniques such as electrochemical deposition
processes. A comprehensive description of sol-gel methods that use molecular precursor routes
to the formation of inorganic solids has been given by Livage (1998). Many of these same
techniques could be applied to the formation of oxide fuels or, if nonagueous media are used,
nitride or metallic fuels. Numerous authors (Annal-Therese and Kamath 2000, Poizot et al. 2003,
Goux et a. 2006, and Kothari et al. 2006) have described the use of electrochemical deposition
methods to produce complex oxide nanomaterials, which are of technological interest because of
their unique optical or electronic properties. These electrochemical deposition methods hold
promise for controlling the structural characteristics of the fuel as well asthe fuel chemistry (e.g.,
stoichiometry). They also offer the potential for devel oping architectures within the nuclear fuel
that could, for example, (1) pin fission products in place or conversely provide pathways for
fission product segregation within the fuel to enhance fuel performance or reprocessability;

(2) provide hybrid structures such as diffusion barriers within the fuel to mitigate fuel-clad or
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other undesirable chemical interactions; (3) produce microstructures that enhance the thermal
behavior of the fuel. Evaluation of these deposition methods should be expanded to include
metallic or nitride-based fuel materias, which are of specific interest to advanced nuclear energy
systems.

Molecular-dynamics (MD) simulation isideal for elucidating the atomic-level mechanisms of
fuel sintering. However, despite the immense power of the MD approach, it isimportant to be
aware of its fundamental limitations. Computational limitations restrict MD simulations of
sintering to the early stages of the process. Simulation of the microstructural evolution itself
therefore requires a different approach. Kinetic Monte Carlo (KMC) models for sintering offer
the ability to simulate microstructural evolution during sintering of many hundreds or even
thousands of particles of arbitrary shape and size. Thus, it will be necessary to combine the MD
and KM C methods to develop a composite sintering model. Thisis yet another example of the
multiscale coupling that must be developed in order for dramatic advances in the devel opment
and fabrication of advanced actinide fuels to take place.

In parallel with the development of the synthesis approaches, techniques that allow for thein situ
characterization of the fuel, asit is being produced, should be developed to follow its evolution
during the process. These techniques should provide insight into the dynamic processes
occurring during synthesis to identify the driving forces of the process and thereby extract the
fundamental principles controlling the process. Recently, Shpyrko and colleagues (Shpyrko et al.
2006) used the Advanced Photon Source at Argonne National Laboratory to elucidate the
complex behavior of liquid Au-Si alloys. Similar in-situ X-ray techniques may be useful in
understanding the dynamics of the synthesis process. The development of new diagnostic toolsis
needed to enable accurate and first-of-a-kind in situ measurements of nuclear fuel properties and
provide a deeper understanding of the phenomenological evolution of the fuel systems both
during synthesis and under the extreme exposure conditions found in nuclear irradiation
environments.

A successful research effort in this area also requires increased and well-focused interaction
between the modeling and experimental components of the research. Over the past 10 years,
many experimental techniques have been developed that allow the characterization of
microstructure on a much more detailed scale and in novel ways. Application of high-intensity
photon and neutron beams at facilities such as the Advanced Photon Source, the High Flux

| sotope Reactor, and the new Spallation Neutron Source are providing further opportunities for
characterizing defects at the near atomic scale. When applied in concert with advanced atom
probe and el ectron microscopy facilities, we now have the capability to validate even atomistic
simulations. Thus, modeling and experiments can work hand in hand to accelerate the pace of
knowledge generation. Because the evolution of nuclear fuel microstructure is so complex, and
handling irradiated fuel is extremely difficult, many fundamental experiments may be conducted
initially using model systems.

CONCLUSIONS
Nuclear fuel and cladding performance is governed by the extremely complex evolution of

microstructure caused by radiation damage, temperature gradients, fission product creation,
corrosion, and hydriding. Currently, areasonable level of primarily experience-based knowledge
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exists on the thermal, mechanical, chemical, and physical properties of unirradiated conventional
nuclear fuels. Our theoretical understanding of these properties and of the processes required to
fabricate them islargely phenomenological. Even this limited degree of understanding is absent
for most advanced actinide fuel forms. No real predictive capability exists to guide the fuel-
development engineer because the underpinning science has not been adequately devel oped.
Moreover, we know that essentialy all of the relevant properties change dramatically under
irradiation.

The challenge facing the materials scientist is to devel op afundamental understanding of a
complex multicomponent, multiphase materials system which irradiation is driving far from
equilibrium. This may be the greatest materials challenge posed by any known technology.
Meeting this challenge will require the devel opment and use of revolutionary computational and
experimental technigues to change the current paradigm for nuclear fuel development. In
addition to creative application of the multiscale modeling scheme, awell-integrated and focused
experimental program must be designed and carried out to obtain critical materials parameters
for use in model verification and validation.
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PANEL 5 REPORT: ADVANCED WASTE FORMS

CURRENT STATUS

The world stands at the threshold of a*“nuclear energy renaissance” with the expanded use of
nuclear power, a source of energy that does not emit CO; or other greenhouse gases. However, in
order for nuclear power to have a significant impact on energy production and at the same time
reduce greenhouse gas emissions, the scale of this expansion must be substantial. Estimated
needs for nuclear power production are as high as 300 EJ/year by the year 2050, whichis
equivalent to 3300 GW-year/year and would require over 3000 new nuclear power reactors
(Sailor et a. 2000). This represents nearly an order-of-magnitude increase over the ~440 nuclear
reactors that are presently in operation. Expansion on this scale will place a heavy demand on
uranium resources at the front end of the nuclear fuel cycle and generate enormous volumes of
spent nuclear fuel, some 100,000 metric tonnes/year, at the back end of the fuel cycle. Hence,
one of the fundamental strategies of programs to develop Generation 1V reactors, advanced
nuclear fuel cycles, and the President’ s recently announced Global Nuclear Energy Partnership
program is the processing of spent nuclear fuel in order to reclaim fissile nuclides, 2°U and
“pu. Animportant goal of this processing technology is to develop waste streams that are
proliferation resistant and to devise new strategies for the immobilization and safe disposal of the
remaining nuclear waste over long periods. The development of advanced waste formsis a
necessary component of this new processing strategy. New and novel materials capable of
matching waste stream compositions to durable solids must be developed to in order to safely
immobilize the materials for near-term storage or long-term disposal. These new materials must
be designed not only to match the composition of the waste stream, which may be simple or
complex, but also to match the performance criteriain a geologic repository in terms of thermal
stability, chemical durability, and radiation resistance.

The concept of nuclear waste formsis over 50 years old. In the early 1950s, Hatch (1953)

proposed using clays for the immobilization of fission product elements. At present, borosilicate

glass and, to amuch lesser degree, phosphate glass in Russia have been used to vitrify the high-

level waste (HLW) that result from the reprocessing of spent nuclear fuel. The principal

advantages of using glass are the following:

1. Itisademonstrated technology with over 40 years of experience that can be done remotely.

2. Glass can generally accommodate a wide range in waste stream compositions.

3. Glassis stable in the expected thermal/radiation fields and under the anticipated
geochemical-hydrologic conditions of geologic repositories.

In the United States, nearly 2000 canisters of borosilicate glass contain vitrified HLW from the
Savannah River Site (Defense Waste Processing Facility). Another 300 canisters are located at
West Valley, New York. In France, approximately 10,000 canisters of HLW glass have been
produced at the La Hague facility. As aresult of research programs conducted over the past
several decades, there is now an extensive database and substantial understanding of the behavior
of nuclear waste glassesin a disposal environment. The present challenge is to model glass
behavior in the near field of specific geologic repository environments.
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Major research efforts on alternative or advanced waste forms date from the 1980s when there
was a vigorous effort to devel op new waste forms for HLW (Lutze and Ewing 1988; Ojovan and
Lee 2005). A wide variety of materials were considered, including single-phase and polyphase
assemblages consisting of complex oxides, silicates, and phosphates. Two basic approaches were
employed: (1) encapsulation in durable materials, such as TiO,, and (2) atomic-scale
incorporation of specific radionuclides at specific crystallographic sites of particular phases, such
as Synroc, atitanium-based polyphase ceramic. Many of these waste form phases were selected
based on studies of actinide-bearing minerals (Ewing 1999, 2001; Lumpkin 2001; Stefanovsky
et al. 2004). The state of knowledge of specific phases varies widely, but substantial research has
been done on zircon, ZrSiO,, and pyrochlore (A2B,07) structure types. The most recent work,
conducted in the 1990s, was associated with international effortsto identify phases suitable for
the immobilization of “excess’” plutonium from dismantled nuclear weapons, as well as the
“minor” actinides separated during reprocessing (Lumpkin 2001; Muller et al. 2002; Ewing
2004). One of the most important discoveries has been that there are certain compositions of the
isometric pyrochlore (A2B,0-) structure type that are resistant to radiation damage (e.g., when

B = zirconium or hafnium) even at very high doses (Wang et al. 1999, Sickafus 2000).
Subsequent systematic studies (Lian et al. 2003, 2006) have provided the fundamental
understanding necessary to design waste forms for particular thermal and radiation
environments. Thus, the first steps have been taken to demonstrate that one can design nuclear
materials for particular applications—and these principles can also be extended to the design of
nuclear fuels, particularly inert matrix fuels that are used to incorporate and “burn” actinidesin
fast reactors. Many of the basic science challenges for advanced waste forms are the same as
those for the development of advanced nuclear fuels.

The fundamental challenges in the design, development, and evaluation of advanced nuclear

waste forms are as follows:

e Design to the waste stream composition in away that utilizes all of the componentsin the
waste stream, radioactive and nonradioactive, so asto reduce volume.

e Develop afundamental understanding of the atomic-scale to meso-scale mechanisms of
radionuclide incorporation, chemical corrosion, and ateration mechanisms/rates, and the
response of the waste form to different types of radiation fields.

e Evauate the long-term performance of advanced waste forms in the complex, highly coupled
natural environment of the near field in a geologic repository.

BASIC SCIENCE CHALLENGES, OPPORTUNITIES, AND RESEARCH NEEDS

Advanced nuclear energy systems (ANES) will require the development of new advanced
nuclear waste forms that are suitable for transportation, storage, and disposal. In addition, some
waste forms may find applications as inert matrix fuels or as target materials for transmutation,
either in reactors or for usein linear accelerators. A number of specific needs can aready be
identified:

e Waste forms for short-lived fission products (e.g., *’Cs and *°Sr) that generate substantial
amounts of heat, aswell as a strong field of ionizing radiation. Ideally, these waste forms
would be capable of high waste loadings and would remain stable at high temperatures and in
intense radiation fields.
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WHY ARE ADVANCED WASTE FORMS IMPORTANT?

Immobilization into durable waste forms increases the safety of geologic
disposal systems. These systems consist of multiple barriers, the first being
the waste form itself. Waste forms facilitate handling, transportation, storage,
and disposal of radioactive wastes. Immobilization of HLW is achieved by its
chemical incorporation into the structure of a suitable matrix (typically glass or
a crystalline ceramic) so that it is “captured” and unable to reach the
biosphere. The general requirements for waste forms that incorporate HLW
include the following:

e High waste loading: The system must be able to accommodate a
significant amount of waste (typically 20-35%) to minimize volume,
thus saving space in a potential repository.

e Easy processing: Fabrication should be accomplished under
reasonable conditions, including low temperatures and, ideally, in an
air atmosphere, using well-established methods to minimize worker
dose and the capital cost of plant.

e High radiation stability: The waste form should show a high
tolerance to radiation effects from decay products. Depending on the
types of radionuclide being immobilized, radiation effects may be the
result of transmutation to new elements, ballistic effects of the alpha-
decay event, or ionizing radiation from fission product elements.

e Chemical flexibility: As required, the system should be able to
accommodate a mixture of radionuclides and other contaminant
species, with minimum formation of secondary phases which may
compromise waste form performance.

e Durability: The waste form should be resistant to aqueous dissolution
under conditions relevant to eventual repository disposal in order to
minimize release of radiotoxic species. For example, since the half-life
of *°Pu is 24,100 years, a minimum safe containment period of
10 half-lives (i.e., 241,000 years) is required.

e Natural analogues: The availability of natural mineral analogues of
the waste form may give important clues as to the long-term
performance of the material in the natural environment, thereby
building confidence in the predicted behavior of the waste form after
geologic disposal.

The use of predominantly crystalline ceramic waste forms has been proposed,
including single-phase ceramics such as zircon to accommodate a limited
range of active species such as plutonium and multiphase systems such as
Synroc to accommodate a broader range of active species. To date these
systems have not been extensively used to immobilize radioactive waste.
Recently, however, there has been a trend to systems intermediate between
the “completely” glass or crystalline materials. These glass composite
materials (GCM) include glass ceramics where a glassy waste form is
crystallized in a separate heat treatment and other GCMs in which a refractory
waste is encapsulated in glass. Some difficult wastes such as the French
uranium/molybdenum-containing materials formed by cold crucible melting
(which partly crystallize on cooling) and the alkali-rich wastes at the Hanford
site can also be immobilized in GCM waste forms containing high crystal
contents (Ojovan and Lee 2005).
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e Waste forms that can accommodate and safely contain long-lived fission products (e.g., **Tc
and 1) that are especially difficult to contain by geologic barriers. In such cases,
containment periods may be as long as many hundreds of thousands of years.

e Wasteforms for actinides (e.g., *’Np and other minor actinides). The ceramic might also
serve as an inert matrix fuel (e.g., ZrO,) that could be used for direct disposal after “burning”
the actinides.

o Wasteformsthat can use al of the components of the waste stream in the formation of
durable ceramics. Some waste streams may have complex compositions (e.g., highiniron,
phosphorus, or halogens).

“TROUBLESOME” WASTE STREAMS AND POSSIBLE SOLUTIONS

Radionuclides that are inherently difficult to immobilize include ®Tc, halogens (36CI, lzgl), and *C. In the
United Kingdom, %Tc has for many years been dischar%ed into the sea, but a new processing strategy
using tetraphenylphosphonium bromide separates the *®Tc from liquid wastes as pertechnetate, TcO, .
No waste form is currently available for the TcO, . Halogens are ubiquitous in nuclear wastes; for
example, chlorides arise from HCI dissolution of defence wastes, from use of HCI in decontamination
operations during decommissioning, and in molten salts used in electrometallurgical processing of spent
fuel. lodine-129 is a fission product in fuel with a half-life of 16 million years. Both chlorine and iodine are
not amenable to conventional vitrification and cementation routes, as they have low solubility in vitreous
waste forms and are volatile at typical glass and cement processing temperatures. Also, halide anions are
highly soluble in cement pore water. Furthermore, halide species are biologically active, with iodine being
selectively absorbed by the thyroid gland, and they are highly soluble and mobile in groundwater.
Massive volumes of irradiated graphite have been accumulated worldwide. Significant issues related to
this waste are the stored “Wigner” energy from radiation damage, as well as potential flammability and
instability. Irradiated waste graphite contains various radioactive isotopes, the most problematic being
¢, *Cland °H. There is presently no internationally accepted method for dealing with irradiated graphite
waste, although options include packaging and direct disposal, or incineration and ash immobilisation.
Finally, wastes may have a difficult morphology, for example, as ill-defined corrosion product sludges
[such as Mg(OH),] or as highly active flocs (such as iron hydroxide) used on an industrial scale to
scavenge for actinides. Wastes may also have elements of both of these problems, as with **C in large
volume blocks of graphite or crushed powders. Many of the legacy, and potential future, wastes from
proposed Generation IV Reactors have no satisfactory current immobilization scheme. In some cases,
schemes have been proposed for separating and concentrating the difficult species, but suitable hosts for
them once separated are still needed. The images below show micrographs of garnet, a potential waste
form for actinides and some nonradioactive components in waste streams.

Scanning electron microscope images of the garnet ceramics, a potential waste form for actinides: Left—
basic composition: (Ca,; sGdThg 5)(ZrFe)Fe;0,,; Middle (with addition of Al): gray—garnet, dark—hibonite
(CaFe;;,049), White—ThO,, inset—SAED pattern from plane (111)* in the garnet structure; Right (with
addition of Na, Al, and Si): gray—agarnet, light—ZrO,, white—ThO,, dark—Fe,O3, black—pores. Scale
bars for all images are equal to 50 um.
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APATITE

A number of unusual waste streams will be generated by ANES, with new immobilization routes and
solids required for each. Some waste streams will contain both actinide and halide species; for example,
wastes generated during the pyrochemical reprocessing of fast breeder reactor fuels will contain not only
fission products and actinides but also chloride and fluoride species that will require immobilization.

Novel hosts will be required to deal with these “intractable” products in order to provide safe waste forms
suitable for storage and ultimate disposal. Potential candidates for immobilizing chloride and fluoride
species include chlorapatite, Cas(PO,4)sCl, and spodiosite, Ca,(PO,4)Cl. Apatite can accommodate many
different cationic species of various valences in the calcium sites. Both CI” and F~ can substitute in the
apatite structure. In addition, apatite is notoriously non-stoichiometric, making it a remarkably composition
tolerant and ideal for immobilizing complex waste streams containing many different cationic species,
including actinides and fission products. Still, many issues remain related to chemical durability of these
apatite compositions and their radiation response. Also, of possible importance is the influence of
biologically enhanced corrosion on phosphate-based systems.

Apatite is one of many potential host phases, including zeolites and framework silico-titanates, that should
be considered for these difficult-to-handle waste streams.

—2a'

Apatite: A1p(BxC14x04)s(OH, F, Cl),
A=Ca, Na, rare earths, and actinides; B/C=Si, P, V,orCr,0<x<1

The panel on advanced waste forms developed its recommendations for basic research directions
based on user-inspired needs and more broadly based fundamental themes that cut across all
requirements for the design, development, and evaluation of advanced nuclear waste forms.

Novel materials for advanced waste forms

During the past decade, considerable effort has been devoted to the development of advanced
waste forms for specific applications, particularly as inert matrices for “burning” the minor
actinides or as very durable waste forms, such as pyrochlore for disposal of “excess’ plutonium
from dismantled nuclear weapons (Ewing et al. 2004). The basic approach to devel oping these
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waste forms has not changed over the past two decades; that is, phases are selected that allow
radionuclides to be incorporated into specific structural sites. The crystal chemistry of the solid
determines which elemental substitutions are most likely, and much of the research is devoted to
confirming that the substitution occurs and to determining the limits of solubility of the
radionuclide in the solid. A number of materials have already been identified as potential waste
forms, particularly for actinides, but at present, there are no obvious materials for **Tc and **°I
incorporation. Once appropriate materials are selected, research is focused on determining their
chemical durability over arange of conditions, as well as other relevant properties (Weber et al.
1998; Lumpkin 2001).

Another important type of waste form will be needed for separated **’Cs and *°Sr. These short-
lived fission products account for most of the heat in spent nuclear fuel and HLW. For high
waste loadings, temperatures well in excess of 800°C have been discussed. Although a number of
potential waste forms for **'Cs and *°Sr do exist (e.g., borosilicate glass, CsCl, StF», SITiOs,
hollandite, pollucite, framework silicates/titanate and apatite), the issue of thermal stability in a
high radiation field has yet not been adequately studied. Cesium-137 will contain a substantial
fraction of ***Cs, which has a half-life of several million years; hence, long-term durability of the
waste form will be required and must also be taken into consideration.

A considerable amount of research remains to be done on these ceramicsin the following areas:
crystallo-chemical constraints on radionuclide incorporation;

e corrosion mechanisms and rates;
e radiation response as a function of type of radiation, dose, and temperature; and
e studies of analogous natural phases to confirm long-term behavior.
ACTINIDE WASTE FORMS
There are already a wide variety of phases that have been studied as potential host phases for
actinides. These materials can serve as the basis for an expanded effort to develop advanced
nuclear waste forms.
simple oxides: zirconia Zr0O,
complex oxides: pyrochlore (Na,Ca,U),(Nb,Ti,Ta),O¢
murataite (Na,Y)4(Zn,Fe)s(Ti,Nb)sO15(F,OH),
zirconolite CazrTi, 0,
silicates: zircon* ZrSiO,4
thorite* ThSiO,
garnet* (Ca,Mg,Fe*)3(Al,Fe* ,Cr¥"),(Si0,)
britholite (Ca,Ce)s5(Si04)3(0OH,F)
titanite CaTiSiOs
phosphates: monazite* LnPO,
apatite* Cay 4L Nngix(PO4),(O,F),
xenotime* YPO,
*long-term durability can be confirmed by studies of naturally occurring heavy minerals
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Over the past two decades, tremendous advances in materials design and development have
taken place that will aid in the development of novel waste forms. In particular, the devel opment
of nanoscale composites and mesoporous materials (Davis 1992) provides a number of
possibilities for encapsulating nuclear wastes. Such tailored materials are attractive for the
immobilization of nuclear wastes. Mesoporous silicates and aluminosilicates (Davis 1992) are
typically synthesized under mild hydrothermal conditions using a structure-directing agent or
template that can be removed subsequently, leaving a material with large void spaces similar to,
but larger than, those in zeolites. These pore spaces are typically on the order of twenty to

several hundred angstroms, the sizes of which are controlled by judicious selection of the
templating agent. Material such as this holds promise as a waste form and may be designed with
voids that match the size of certain chemical species, such as TcOy, or their surfaces may be
functionalized to sorb specific radionuclide species. The large pore spaces, as well as the huge
surface areas, present the possibility of incorporation of awide range of chemical species. Rather
than incorporating selected radionuclides at specific structural sites, it is possible to deposit
nanoscale crystallites or aggregates of multiple radionuclides within their porous structure. The
subsequent collapse of the structure, either by thermal or chemical treatments, can then
encapsulate the radionuclides. Such nanocomposites may be contrasted with conventional
actinide waste forms that rely on crystallographic incorporation of specific radionuclides (often a
single target radionuclide) into structural sites within a ceramic. Although many of these
conventional waste forms are highly durable, the range of radionuclides that may be incorporated
and immobilized is often limited, and their synthesis often involves high temperatures that may
be incompatible with volatile radionuclides. In contrast, the nanostructured materials potentially
offer more chemical flexibility, lower temperature processing, and the ability to later calcine the
materials to make more durable waste forms.

Animportant goal isto tailor these materials such that they can accept awide range of
radionuclides having vastly different chemistries (e.g., technetium, iodine, and plutonium). The
recent discovery of different nano-structured uranium materials (Krivovichev et al. 2005a,b)
indicates that such materials could be synthesized using, for example, uranium and phosphate or
selenium materials, thus making it possible to use waste streams with depleted uranium and/or
transuranic contaminants for generating an advanced waste form that can then capture additional
radionuclides. The collapse of such a structure loaded with radionuclides could result in a nano-
composite with a desirable chemical durability for specific repository environments.

Long-term predictions of advanced-waste-form performance in the natural
environment

Depending on the half-life, chemical mobility, and the radiotoxicity of the specific radionuclide,
advanced waste forms will have to be designed to ensure safe performance for periods ranging
from hundreds to hundreds of thousands of years. The performance of a waste form depends not
only on the properties of the material but also on environmental factorsto acritical extent:

(1) solution composition and pH, (2) flow rate, (3) redox conditions, (4) speciation in solution,
(5) radiolysis of the groundwater, (6) flow rate, (7) interactions with corroded canisters and the
near-field geology, and (8) formation and mobility of colloids. These individual processes are
highly coupled. The dissolution of awaste form glass changes the solution pH. The corrosion of
the waste package creates sorption sites on iron oxyhydroxides. The formation of secondary
phases changes the solution composition and may reduce the porosity and flow rate. Radiolysis
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can change the redox conditions near the surface of the waste form. All of these coupled
processes occur against a backdrop of changing environmental conditions. Initially hot wastes
cool over periods of hundreds of years. The radiation field drops dramatically as the short-lived
fission products decay until finally it is the ionization from the alpha decay that is most
responsible for the radiolytic effects. The composition of the radionuclides changes due to
radioactive decay, and the formation of daughter products may affect the stability of the waste
form. Each of these processesis driven by the thermodynamic stability of the solid phases and
the solution complexes, but slow kinetics can lead to the formation of metastable phases that can
persist for very long periods. Nanoscale effects come into play for the small clusters of atoms
within the solids or that exist segregated along grain boundary interfaces.

The challenge in making predictions as to the long-term performance of awaste formisto isolate
the key aspects of the particular near-field system. Critical research directions should include the
following:

e Ratelimiting stepsin partial reactions must be identified. These may be stepsin the
dissolution mechanism of the waste form,; the nucleation of secondary phases and surface
sorption/desorption reactions; and the formation/decomposition of radiolytically produced
species in solution.

e Even when rate-limiting steps have been identified, reaction mechanisms can change in
response to variations in environmental conditions (e.g., lower temperatures or changing
solution composition). One must determine the full range of possible mechanisms and the
conditions under which these mechanisms will dominate the reactions.

e Radiolysis at the waste form/solution interface can have an important effect on the
dissolution process, particularly for redox-sensitive elements, such as uranium and
plutonium. The long-term effects of radiolysis (e.g., the formation of H,O,) have barely been
explored, athough U(V1) phasesin nature that contain peroxyl groups have recently been
discovered (Kubatko et al. 2003).

Finally, having understood and even successfully modeled the individual components of the
near-field system, there is a great need for advances in reactive transport modeling of the near-
field environment (Steefel et al. 2005). Important areas of research include the following:

o the effects of chemica microenviroments and surface reactions on waste form solubility,

e coupled thermal-mechanical-chemical processes,

e controlson solid-liquid reaction rates, and

e scaling of atomic-scale processes to some tens of meters.

The ability to develop integrated models rests not only on our fundamental understanding of the
critical processes but also on our intellectual and computational ability to link these processes to
each other.

Thermodynamics for complex systems

Thermodynamics has traditionally provided a solid foundation for evaluating the stability of
waste formsin avariety of environments and serves as the basis for the geochemical models
used to evaluate the long-term performance of nuclear waste forms. Measurement of the thermo-
chemical parameters of relevant, well-characterized solids continues to be needed. Such
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measurement is critical to understanding of phase relations that are essentia for the synthesis of
waste forms, as well as understanding of reaction progress and products during corrosion. Only
in the last few years have good thermochemical parameters, such as enthal phies of formation,
become available for the corrosion products of the UO, in spent nuclear fuel. Thermodynamic
datafor the solids and their corrosion products that are developed as advanced nuclear waste
formswill similarly be needed. This type of research also extends to the development of advance
fuels (e.g., ZrO, and HfO,) in inert matrix fuels. Issues such asionic and electronic conductivity,
oxygen vacancy migration and clustering, and the disordering of ordered phases may dominate
the physical and chemical properties of these solids. At the moment only limited data are
available on the relationship of chemistry, structure, and thermodynamic parameters for these
fluorite derivative structures. Continuing research in thisareais essential to ANES. These new
inert matrix fuels are somewhat similar in composition and properties to refractory ceramics
being developed for other applications, such as solid oxide fuel cells and thermal barrier
coatings. There are also opportunities for synergy among these different fields.

The thermodynamic basis for understanding advanced waste form performance must be extended

to include awider range of phenomena:

e Therole of surface energy in controlling synthesis, structure, and stability of advanced waste
forms and their corrosion in the near-field environment.

o Theeffectsof cluster and nano-scale particles on the stability of the waste form. We now
understand that radionuclides may cluster, that is, in the cascades of recoil nuclel, or form as
nanoparticles segregated at grain boundaries. The thermodynamic stability and reactivity of
these radionuclide-bearing clusters and domains may be dramatically different from the bulk
properties of the material.

e Measurement of thermodynamic parameters and the development of theories for their
application must be extended to consider complex multicomponent/multiphase systems that
exhibit non-ideal behavior. Thereis aso a need to develop aformalism for handling
nanoscal e phenomena, including surface energies, new polymorphs at the nanoscale, cascade
effects or electronic excitations caused by radiation, and interfacial processes.

Radiation and radiolysis effects

One of the unique challenges for nuclear materials, whether they be nuclear fuels or waste forms,
isthe effect of radiation. The self-radiation effects from radionuclides incorporated into glasses
and ceramics have been reviewed and summarized in previously sponsored Basic Energy
Sciences (BES) workshops (Weber et al. 1997; Weber et al. 1998). The principal sources of
radiation in HLW are beta decay of the fission products (e.g., **'Cs and *°Sr) and alpha decay of
the actinides (e.g., 2°U, #"Pu). Beta decay produces energetic beta particles, very-low-energy
recoil nuclei, and gamma rays, whereas al pha decay produces energetic alpha particles (4.5 to
5.5 MeV), energetic recoil nuclei (70 to 100 keV), and some gammarays. Depending on the type
of radiation, the energy is absorbed mainly by ionization and electronic excitations or by direct
atomic displacements. The two effects are closely related, as the electronic excitations may affect
the damage accumulation and annealing kinetics of the ballistic interactions. The final damage
state of a material depends on the type of irradiation, total dose, dose rate, and temperature.
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Significant doses may be reached for

either the HLW or ceramics that contain

actinides, such as “°Pu (Fig. 1). Radiation

effects can be manifested in a number of

ways:

e phaseinstability due to transmutation;

e helium accumulation and bubble
formation;

e volume expansion from afew percent
to up to 18%;

e anincreasein chemical reactivity and
adecrease in durability;

e phase separation and the formation of
nano-sized inclusions associated with
recoil cascades; Figure 1: Cumulative number of beta-decay and alpha-

e increased diffusivity and transport of  decay events per gram of a multiphase ceramic or glass
minority species and precipitates; ceramic containing DOE high-level tank waste. Also shown

: . is the cumulative number of al pha-decay events per gram for a
® qccumulatlon of stored energy; and, ceramic containing 10 wt % “*Pu. (Reprinted with permission
fm"f‘”Y’ ] o from Weber, W. J., R. C. Ewing, C. R. A. Catlow, T. Diaz dela
e radiation-induced amorphization. Rubia, L. W. Hobbs, C. Kinoshita, H. J. Matzke, A. T. Motta,
M. Nasatas, E. K. H. Sdlje, E. R. Vance, and S. J. Zinkle.

S : mmobilization of High-Level Nuclear Waste and Plutonium,”

ballistic interactions caused by ph_a— Journal of Materialngesearch 13, 1434.)

decay events. These have been studied

using a combination of three approaches:

1. systematic studies of uranium- and thorium-bearing minerals of great age that have
accumulated significant doses over geologic periods,

2. actinide-doping experiments using short-lived *®Pu and ***Cm in experiments that may take
1 to 10 yearsto reach doses of interest; and

3. heavy ionirradiations using a variety of combinations of ion mass and energy to simulate
ballistic interactions in experiments that require fractions of an hour.

The data from all three types of experiments can be used to infer the long-term damage state of
radiation-damaged materials, asillustrated in Fig. 2 (Ewing et a. 2004). Over the past few years,
there has been a dedicated effort to use atomistic models to simulate radiation damage effectsin
ceramics and to understand the radiation resistance of certain ceramic materials (Trachenko et al.
2005; Crocombette et al. 2006; Gao et al. 2006).

As new ceramic materials are developed, these types of experimental studies will certainly need
to continue, particularly ion beam irradiations that combine ballistic and ionization effects by
using dual-beam irradiations at carefully controlled temperatures. These types of studies can be
used very efficiently to study a wide range of materialsin the quest to find those that are
radiation resistant.

An area of great importance that has generally been neglected in studies of ceramicsis the effects
of ionizing radiation. At present, most of the studies have been conducted at very high dose rates
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(e.g., in an electron microscope), so only
limited relevant data on the behavior of
ceramicsin anionizing radiation field are
available. Interest in these phenomena
extends not only nuclear waste forms but
also to theionizing radiation effects on
ion-exchange materials used in
processing, such as zeolites, “getters’” used
to absorb and retain radionuclides in the
backfill of a geologic repository, and the
alteration products of spent nuclear fuel,
such as the uranyl oxyhydroxides (Wang

et a. 2004).
Figure 2: Predicted temperatur e dependence of )

amor phization in pyrochlore-related phases containing . C g
239py. The range of repository temperaturesisindicated by the 1 he critical scientific issues are as
horizontal line. The Gd, Ti,O; (10 wt % *°Pu) will not follows:

experience annealing because of its high critical temperature, o To understand and model the coupling

and damage accumulation will lead to a fully amorphous : : :
material in lessthan 1000 years. In contrast, the Gd,ZrTiO;, of electr_onlc and ato.m If: dynaml_c_s
under different irradiation conditions

will not begin to accumulate damage until the repository et
temperature has decreased to approximately 320°C, thus so as to develop predictive models as a
delaying the onset of radiation-induced amorphization. function of low dose rates, long-term

irradiations, and a variety of
materials. Current theoretical and semiempirical models of electronic stopping in even
simple binary compounds are insufficient to provide quantitative values of the local energy
transferred to electrons by ions and el ectrons. Quantitative models of electronic energy
deposition must be developed. New theories, models, or computational approaches (first
principles) are needed to provide accurate predictions of electronic stopping power over a
broad range of energies for compositionally complex materials.

e Of equal importance isto understand the effect of ionizing radiation on solutions in contact
with the waste form. Radiolysis creates reactive free radicals, ionic species, and chemical
species, such as H,0,, that can have a profound effect on solution chemistry and the
corrosion rate of waste forms, particularly for semiconductor oxides such as UO.. In the very
long term, oxidizing conditions can be maintained at the surface of awaste dueto radiolysis
from alpha decay of actinides. New techniques and theories must be developed that provide
insight into the radiolytic processes and species that form near the solution—waste form
interface.

Interfaces: nano-scale dynamic behavior

Asin al materials, the action is at the interface. Interfacial processes control the results of many
of the synthesis technologies that are used to produce nuclear waste forms. In the environment,
the long-term chemical durability of awaste form is controlled by surface reactions. “ Passive”
layers, even “protective” layers, can control the release of radionuclides from awaste form into
the environment. The dramatic decrease in elemental release rates observed in materialsis often
attributed to the formation of chemically durable layers, such as TiO,, that can form as layers just
afew microns thick on complex titanate waste forms, such as zirconolite or pyrochlore. These
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interfacial processes are dynamic and very affected by the formation of atomic clusters at surface
defects, the segregation of nanoscal e phases along grain boundaries, and the change in the
chemical reactivity of nanoparticles sorbed onto surfaces. Many of these processes can lead to
the formation of colloids that become an additional means of transport for radionuclides that
otherwise have low solubilitiesin groundwater (e.g., the actinides). In the near field, the mobility
of actinides and technetium may be much reduced by surface sorption reactions onto the U(V1)-
alteration phases that form on spent fuel or the iron-oxyhydroxides that form due to the corrosion
of waste packages. Clay backfills or specialy designed “getters’ may be used to reduce
radionuclide mobility. Nearly all of the coupled processes in the near field are dominated by
surface or interfacial reactions.

The scientific challenge is to develop afundamental understanding of interactions at vapor-
liquid-solid (VLS) interfaces during processing of complex multiphase assemblages and during
the corrosion of waste formsin the geologic environment. There are two immediate research
needs:

e Todevelop in situ techniques that allow real-time observations of these surface processes.
Fortunately, there have been broad advances in the development of appropriate techniques,
such as X-ray photoel ectron spectroscopy (XPS), Auger electron spectroscopy (AES),
secondary ion mass spectroscopy (SIMS), Rutherford backscattering (RBS), scanning
tunneling microscopy (STM), transmission electron microscopy (TEM), atomic force
microscopy (AFM), surface-extended X-ray absorption fine-structure spectroscopy
(SEXAFS), and low-energy electron diffraction (LEED), to name a few (Hochella 1990;
Brown 1990). The goal should be to develop the technical capability to make real-time
observations under relevant conditions (e.g., in an environmental cell, with atomic-scale
resolution).

e Todevelop atheoretical understanding and models with computational simulations (e.g.,
molecular dynamics, Monte Carlo, molecular mechanics) of surface processes. Thiswill
provide the tools required to understand hydrated and hydroxylated surfaces and solvated
interfaces, among other processes (Rustad 2000). Thiswill serve as abasis for understanding
the reactivity of surfaces as afunction of the band structure of the substrate (Rosso 2001).
Recent investigations have shown that for any particular material or mineral thereisarange
of possible surface structures that may be thermodynamically stable, depending on the
relative chemical potentials of surface atoms and complexes. Relaxation of the surface can
change the energetics of the surface substantially by the redistribution of charge and changes
in the bond character. These types of processes must be understood in order to predict the
behavior of radionuclides in the environment. Of specia interest are computational methods
that can be applied to the heavy elements.

Fortunately, there are active and talented practioners of surface science in related fields of
physics, chemistry, and the geosciences; thus, studies of waste form materials should be
immediately realized. Of specia interest will be the effects of radiation fields on the VLS
interfaces. Thisline of research will be unique to nuclear materials.

Finally, the research must be focused on methods that allow one to correlate and extend our

knowledge of nanoscale phenomena at interfaces to the meso- and macro-scale properties and
performance of nuclear materials.
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CONCLUSIONS

The fundamental challenges in the design, development, and evaluation of nuclear waste forms

are asfollows:

e Design to the waste stream composition in away that utilizes all of the componentsin the
waste stream, radioactive and nonradioactive, so as to reduce volume.

e Develop afundamental understanding of the atomic-scale to meso-scale mechanisms of
radionuclide incorporation, chemical corrosion, and ateration mechanisms/rates, and the
response of the waste form to the radiation fields of incorporated radionuclides.

o Evauate the long-term performance of waste forms in the complex, highly coupled natural
environment of the near field in a geologic repository.

These challenges will require basic science research programsin the following areas:

e The structure and crystal chemistry of radionuclide-bearing phases.

e Thecorrosion and alteration of nuclear materials, some of which are so durable asto require
new techniques in order to study the corrosion mechanisms and measure the extremely low
release rates.

e The measurement of thermo-chemical parameters for nuclear materials and an extended
thermodynamic and kinetic basis for modeling the long-term behavior of nuclear waste forms
in the environment. Such models must consider property changes that occur at the nanoscale
and the thermodynamics of surface and interface reactions.

e The development of theories, models, and in situ experimental techniquesin order to
understand the atomic-scale behavior of VLS interfaces, particularly as interfaces control the
synthesis and long-term corrosion behavior of nuclear waste forms.

e The development of theory, models, and datain order to understand the effect of radiation
and radiolysis on the properties of materials and their long-term behavior in the disposal
environment.

The success of these research programs, and indeed the success of effortsto develop and bring
online advanced nuclear energy systems, depends critically on people and facilities. Research in
nuclear materials requires atype of education and training that is less available at U.S.
universities than it was even 5 years ago. Studies of nuclear materials must be conducted with
the actual radioactive samples, and this requires very special facilities with modern equipment
that are becoming increasingly rare. Access to radionuclides for research is also increasingly
restricted.

The success of the research program proposed in this chapter requires a thoughtful and concerted
effort to rebuild the infrastructure in nuclear science required to pursue this research agenda.
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PANEL 6 REPORT: PREDICTIVE MODELING AND SIMULATION

Computational science, the use of advanced computational capabilities to study complex
systems, isacritical crosscutting field in science and technology (President’ s Information
Technology Assessment Committee 2005). Across the disciplines of physical science, biology,
and engineering, multiscale modeling and simulation is driven by theoretical and computational
advances in describing complex phenomena. Recent summaries (Yip 2005; McCurdy 2005;
Colellaet a. 2003) all indicate this approach can provide quantitative understanding of
molecular-level mechanisms underlying macroscopic phenomena in materials and chemical
processing. In fact, the steady increase in computer power, the increasing sophistication of
simulations, and the impact computational science has had on other technol ogies argues that
advanced nuclear energy systems (ANES) will substantially benefit from predictive modeling
and simulations.

Modeling and simulation is now considered to be the third branch of science, bridging
experiment and analytical theory. Through modeling one incorporates the most relevant theories
and concepts developed by the full range of scientific and engineering disciplines. Through
simulation one exploits |eading-edge computational methods, algorithms, and platforms to obtain
results unattainable by any other means. Together modeling and simulation enhance
understanding of known systems, provide qualitative/quantitative insights and guidance for
experimental work, and produce quantitative results that replace difficult, dangerous, or
expensive experiments. These advantages are well suited to basic research for ANES because of
the experimental difficulties posed by radioactive materials and harsh environments.

CURRENT STATUS
Microstructural characterization in aggressive environments

Radiation damage, and its attendant effects on a wide spectrum of materials properties, isa
central issue in the science and technology of materials for ANES. Although the various aspects
of irradiation effects are too numerous to discuss, a capstone statement of the fundamental
challenge and current status may be phrased as predicting the generation, transport, and
evolution of all the defect species produced by irradiation and their consequences on the physical
behavior of the system. Thisisalogica decomposition: (1) understanding radiation effects on
materials that depend on the driving force (microstructure evolution under irradiation) and

(2) understanding the effects on the system without regard to the specific details of the radiation
field. Nuclear technologists are focused on the former, and a separate and large community of
materials researchersis interested in the latter.

In multiscale modeling a genera goal isto predict the performance and behavior of complex
materials across all the relevant length scales and time scal es starting from fundamental physical
principles and experimental data. At the atomic scale, el ectrons govern the interactions among
atomsin the solid, so quantum mechanical descriptions are needed to characterize the collective
behavior of atomsin amaterial. At the engineering scale, forces between macroscopic bodies are
the controlling elements for the materials performance. In between, defects such as dislocations
control mechanical behavior on the microscale, while grain boundaries and precipitates govern
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DISCOVERY BY COMPUTATION: HOW TO MAKE A STRONG METAL STRONGER

Microstructure refers to the atomistic-to-submicron scale of materials. Only at this scale can defects,
dislocations, grain boundaries, and other deviations from perfect crystallinity be described reliably.
This description is essential if the macroscopic properties of materials are to be understood. For
example, consider metal hardening.

Since ancient times, blacksmiths knew to heat-and-beat on
metal made it stronger. For more than 70 years, there has been
a general understanding that metal hardening is due to the
existence of line defects—dislocations—that multiply when the
metal is hammered.

Within the last year, simulations are showing exactly how this
hardening takes place. When it comes to metal hardening, four is
magic: dislocation lines tie each other into very strong knots—four
lines per knot. These knots make the metal stronger.

This prediction has subsequently been verified by experiment. Together,
simulation and experiment have filled in a persistent gap in understanding the
nature of metal hardening. These thoughts lead to new strategies for making
strong metals even stronger.

The simulations were computer intensive and were carried out one of the
world’s most powerful computer at Lawrence Livermore National Laboratory.
This computer is massively parallel with over 10,000 individual processors
running simultaneously to carry out the calculations.

76 Panel 6 Report: Predictive Modeling and Simulation



MULTISCALE SIMULATION METHODS

The basic idea underlying multiscale modeling and simulation is to describe the system of interest at
several length scales and time scales. We illustrate schematically the simulation of a crack tip
embedded in a material at three characteristic scales (panels from left to right), the continuum, atomic
scale, and electronic scale, where different methods of simulation have been developed.

Continuum mechanics: A displacement vector is associated with each point in a deformed medium.
In the finite-element method, space is subdivided into a mesh, and the displacement field is
discretized on the mesh points (nodes), while its values within the mesh cells (elements) are
interpolated from its nodal values. The nodal forces are derived from a potential energy, which
encodes how the system responds mechanically in the framework of elasticity theory.

Molecular dynamics: One tracks the constituent atoms in phase space (positions and velocities) as
they respond to the interatomic forces from their neighbors by solving numerically the Newton’s
equations of motion (classical molecular dynamics). Through this method, one obtains detailed
information about the system response and thereby deduces the atomic-level mechanisms underlying
the relevant thermo-mechanical and chemo-mechanical processes occurring in the system.

Quantum mechanics: density functional theory and molecular orbital theory: This simulation
method, based on solving the Schrédinger equation, treats explicitly the electronic degrees of
freedom. Thus every atom in a molecular dynamics simulation becomes a nucleus surrounded by
electrons, not just a mass connected by a spring. The density functional theory (DFT) version of this
approach reduces the complex quantum N-body problem to a self-consistent eigenvalue problem that
can be solved with O(N3) operations for local-density-approximation (LDA) and generalized-gradient-
approximation (GGA) functionals, which makes the calculations for bulk systems computationally
tractable on high-performance computers. Methods based on molecular-orbital theory also have been
developed, which form the basis of systematic first-principles simulation of molecular phenomena and
chemical processes with high accuracy but substantially higher computational cost.

A natural trade-off exists between the accuracy of a simulation method and the system size (in effect
the number of atomic and electronic degrees of freedom), with accuracy meaning fidelity to physical
principles such as classical and quantum mechanics, thermodynamics, and statistical mechanics.
Continuum mechanics simulation generally requires the most physical input at the macroscopic level,
whereas quantum mechanical simulations require essentially no physical parameters other than the
charge and mass of the nucleus. Because of this, quantum simulations are the most rigorous, and at
the same time they are the most computationally intensive. Molecular dynamics is intermediate
between quantum and continuum methods; it is able to reveal microscopic details that experiments
cannot provide, provided one stays within the limitations of interatomic potentials used to specify the
forces between the atoms.
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the mesoscale. Conceptually one can link the various scales in two ways:. information passing or
sequential linkage and domain decomposition or concurrent linkage. Both types of methods are
adopted in recent nuclear applications such as embrittlement of pressure-vessel steels and non-
nuclear studies such as thin-film deposition, crystal plasticity, phase transformations, polymers,
and fracture mechanics (MRS Bulletin Specia Issue 2001).

The current status of microstructure simulation methodology is that models of materials behavior
used for design, certification, and licensing of structural and fuel components ignore the
microstructure entirely and rely instead on phenomenological description with parameters
adjusted to interpol ate between available experimental data points. The current interest in nuclear
energy materials and the expected availability of massively parallel computing make it feasible
to eliminate this disconnect between the microstructure and physical behavior.

Modeling of microstructural evolution under irradiation now relies on mean-field approaches
(master equations) and rate theory that largely ignore fluctuations and correlations in the spatia
and temporal distributions of microstructural elements (Surh et al. 2005). Attempts are being
made to replace these approaches with detailed atomistic descriptions using kinetic Monte Carlo
(KMC) methods. So far, however, such attempts are limited to elemental pure metals, soft recoil
spectra, small spatial scales, short times, embarrassingly small irradiation doses, and low
temperatures. The first challengeisto provide an accurate description of the multiple and
complex unit mechanisms of microstructural response. For example, microstructural evolution in
irradiated materials results from numerous thermally activated events, for example, dislocation
interaction with radiation defects and precipitates or dislocation climb in high-temperature creep.
However, much current modeling is performed close to or above the thermal threshold, for
example, under unrealistically high stress in the molecular dynamics simulations (Bacon et al.
2006). Furthermore, the chemical degrees of freedom (e.g., solute diffusion, segregation) are
usually decoupled from the mechanical ones (e.g., dislocation dynamics).

Degradation and failure in aggressive environments

Materials degradation and failure is an area of critical importancein all forms of nuclear energy
systems. One can distinguish between two research perspectives, those dealing with the
fundamentals of defect interactions and mechanisms of unit processesin plasticity and fracture
and those dealing with damage accumulation and the prediction of failure criteria. The former
studies usually emphasize the generic features of deformation mechanics without concern of the
radiation field. For example, a current issue is to probe the fracture toughness of materialsas a
function of composition, microstructure, temperature, environment, and loading conditions
through molecular dynamics ssimulations (Farkas et a. 2005). Another issue isto link simulation
techniques spanning several length scales and time scales to understand and predict materials
strength in metals (Chandler et a. 2002). Still athird issueisthe use of large-scale simulation to
study the nonlinear dynamics and instabilities of crack propagation (Abraham et al. 2002).

The very concept of degradation and failure suggests that detailed studies are possible only when
dealing with avery specific problem. This is even more the case when the main concernis
radiation damage. Given the natural complexity of these problems and the requirement of
sustained interest, it is perhaps understandabl e that there have not been many comprehensive
multiscale simulations in the nuclear arena. A notable exception is the investigation of
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embrittlement of reactor pressure-vessel steels, which integrates molecular dynamics and kinetic
Monte Carlo with neutron and positron experimental techniques (Odette et al. 2001).

Solvation and interfacial effects on chemistry in aggressive environments

For solvation and interfacial chemistry, thereis abroad array of available electronic structure
methods:. density functional theory (DFT) (Parr and Y ang 1989; Koch and Holthausen 2001),
molecular orbital theory (Cramer 2002; Y arkony 1995) including many body perturbation
theory, configuration interaction, couple cluster theory, and quantum Monte Carlo approaches
(Hammond et al. 1994; Nightingale and Umrigar 1999). Generally more accurate methods have
time-to-solutions that scale to relatively high powersin the number of active electrons (and
orbital representations), leading to computationally intense methods that typically are efficiently
programmed for paralel computers (Kendall et a. 2000; Lischka et al. 2001).

For application to heavy elements, all electronic structure methods must include relativistic
effects, both scalar and spin-orbit splitting (Wilson 1988; Liu et a. 1995). Rigorous four-
component solutions are available (Jensen et a. 2004; Visscher et al. 1994) but are typically
intractable except for benchmarking on quite simple systems. Approximations to relativistic
effects (Douglas and Kroll 1974; Hess 1986; van Lenthe et al. 1993) as well as the devel opment
of relativistic effective core potentials do lead to computationally feasible and reliable
calculations for modestly complex systems. However, the accuracy of these approaches is not
uniformly robust and degrades markedly for actinides in lower oxidation states with multiple

f electrons.

For systems without lanthanides or actinides, al of the above approaches have been applied to
obtain relatively accurate properties of complex speciesin isolation or model speciesin complex
environments. On gas/solid interfaces, the adsorption of relatively simple species on specific
sitesin perfect crystals or defect sites in otherwise well-characterized surfaces can be predicted.
For actinide-containing systems, there have been successful applications, especialy for
structures, binding energies, and vibrational spectra but mostly for early actinidesin high
oxidation states (0 or 1f electron). Very little has been done to examine the exchange or
absorption characteristics of actinide-containing complexes at liquid/liquid or liquid/solid
interfaces or the solvation behavior of actinides in neoteric solvents. A critical reason for thisis
the difficulty in treating the large spatia size of the system and the need to appropriately sample
the critical phase space.

The radioactive decay of actinides introduces radiation damage in environments that has
chemical and materials implications. Radiation chemistry in water and associated research
challenges have recently been reviewed (Garrett et al. 2005). Simulations of major radiolysis
processes in homogeneous aqueous sol utions based on simple models with experimental rate
data can reliably reproduce experimental observations. However, even the free energies of
simpleions are difficult to predict for agueous solutions, and little has been done on the ab initio
prediction of reaction rates in aqueous or neoteric solutions.
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EXPERIMENT/THEORY INTERACTION

Modern experimental and theoretical studies often interact to provide the highest level of insight into the
phenomena being investigated. Here is an example in actinide solution chemistry.

High-energy X-ray scattering (HEXS) has been used
to measure the coordination environment of UO,?*
uranyl ion in an aqueous perchlorate solution
(Soderholm, L., S. Skanthakumar, and J. Neuefeind.
2005. Anal. Bioanal. Chem. 383, 48). Integration of the
blue HEXS peak in the spectrum in the upper right

of the figure shows that between four and five

H,O molecules are closely coordinated with the

uranyl ion. The authors hypothesize that an
equilibrium exists in solution between

UO,(H,0),>" + H,0 — UO,(H,0)s>* and predicted

that the five-coordinate ion is the more stable ion by
1.2 + 0.4 kcal/mol. In the figure, this equilibrium is
indicated where uranium is pink, the oxygen in UO,**
is green, the oxygen in water is blue, and the hydrogen
atoms are red.

High-level electronic structure theory has been used to calculate the free energy of the reaction
UOz(H20)4(H20)112+ — UOz(H20)5(H20)102+ (GUtOWSki, K. E., and D. A. Dixon. 2006. J. PhyS Chem. A
110, 8840.). This system explicitly includes the closely coordinated waters and a second solvation shell
of 10 to 11 water molecules. Without the second solvation shell, calculations show the four-coordinate
uranyl ion is more stable. Inclusion in the calculation of the more distant coordinated waters plus a
model of the continuum result in the five-coordinate ion being more stable by 2.0 kcal/mol, which is in
excellent agreement with experimental studies.

By comparison between experiment and theory, we now know the dominant coordination environment
of the uranyl ion in aqueous solution and that a second solvation sphere is necessary to capture the
subtle effects of the solution on the coordination.

Chemically accurate predictions of the properties and energetics of relatively complicated

species including multiple active f electrons in complex heterogeneous environments are at the

frontier of characterization. Areas of importance to ANES that cannot today be predicted with

chemical accuracy are asfollows:

e actinide and lanthanide complexation with multifunctional ligandsin conventional or
neoteric solvents and as a function of pressure, temperature, pH, ionic strength, and
concentration;
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e selective extraction of actinide, lanthanide, cesium, strontium, or other ions of interest across
liquid/liquid interfaces between agueous and organic, neoteric, or micellar phases;

e selective extraction in liquid/solid interfaces in electro-refining in the molten salt
environment of pyroprocessing;

o radiolysis effects on the structure and reactivity of solvents and surfaces,
the role of nanoscale and chemical micro-environments induced by radiation damage or self-
healing processes built around self-assembly of molecules; and

e the chemical implications of radioactive decay of an atom in an otherwise stable waste-form
environment.

The f-electron problem

Lanthanides and actinides are unique in containing electrons in up to seven f orbitals. Electrons
in these orbitals can mix strongly with other orbitals, leading to both localized and delocalized
behavior. Most atoms in the lanthanide and actinide series have only partial occupancy of these
orbitals, resulting in arich multiplet structure with implications for the electronic and magnetic
properties of molecules and materials containing these elements.

For materials, workhorse DFT electronic structure methods that routinely work for solids without
f electrons often fail to describe even the ground electronic states of many actinide metals, alloys,
and compounds (oxides, nitrides and carbides). Some progress has been made in dealing with
this problem by introducing more complicated DFT functionals, for example, incorporating
dynamical mean field theory. Whereas these methods do appear to improve the treatment of on-
site correlations, they do so only by introducing an adjustable parameter (the Hubbard U
parameter) and are therefore no longer fully first-principle methods. Other DFT approaches
directly include self-interaction corrections. These approaches have been successful in treating
the broad features of transitions from localized to delocalized states but fail for materials that are
neither clearly localized or delocalized or for materials that display dynamical effects. Without
the development of more universal, computationally efficient functionals, tractable calculations
will remain unable to qualitatively describe the electronic properties of actinide materials; to
calculate reliable energetics for different phases, point or extended defects, and diffusion
barriers; to determine relevant physical properties such as thermal conductivity; and to predict
excited state spectroscopies.

For molecules, for example, inorganic or organometallic complexes, the structure and vibrational
frequencies of early members of the actinide series in high oxidation states (minimal multiplet
problem) can be reliably described by DFT electronic structure techniques related to those used
in materials. These techniques treat the scalar relativistic effects with relativistic effective core
potentials benchmarked by high-level molecular orbital theory calculations. More exact
relativistic treatments, such as the Douglas-Kroll-Hess (Douglas and Kroll 1974; Hess 1986) or
ZORA methods (van Lenthe et al. 1993), have been used with some success, but fully exact
relativistic methods based on a four-component solution of the Dirac equation are usually
prohibitively expensive. For early actinides in high oxidation states, solvation effects on structure
and vibrational frequencies have been predicted reliably by DFT and binding interactions but
with some exceptions. In the later actinides, with lower oxidation states, the ligand field, spin-
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CHEMICAL SEPARATIONS OF LANTHANIDES AND ACTINIDES

Spent fuel rod reprocessing often results in a solution containing mixtures of
recyclable actinide ions and lanthanide ions that poison nuclear energy generation.
Actinide and lanthanide ions can be very similar but can be distinguished by their
binding affinity to other molecules introduced into the solution. These molecules,
called ligands, have active binding sites whose location is influenced by the skeletal
backbone of the molecule.

A combined theoretical/computational/experimental study was used to design
improved ligands for the separation of lanthanide and actinide ions (Lumetta, G. J.,
B. M. Rapko, P. A. Garza, B. P. Hay, R. D. Gilbertson, T. J. Weakley, and J. E.
Hutchison. 2002. J. Am. Chem. Soc., 124, 5644-5645). Modeling and simulation of
malonamides determined the optimum structure for lanthanide binding. In the
“conventional” structure shown below, a typical ligand for binding europium ions is
indicated where red atoms are oxygen, blue are nitrogen, black are carbon, and gray
are hydrogen. In the conventional form, two oxygen atoms do the binding but need to
be realigned, which requires energy. In the optimized structure, the skeletal
backbone has been chemically changed, resulting in more coordinated binding of the
two oxygen sites.

This theoretical information was used as input into the design of a bicyclic molecular
architecture that locks in the optimal orientation of the carbonyl groups, and the
designed molecule was subsequently synthesized. Measurement of the
organic/aqueous solvent distribution coefficient of the bicyclic compounds for
chelating Eu®" showed improvement by seven orders of magnitude over the best
acyclic malonamide.

This demonstrates the importance of modeling in the design of optimal ligand binding
sites for new separation systems.
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orbit, and on-site multiplet interactions are often comparable in size. For these strongly
correlated systems, conventional molecular orbital or DFT approaches based on asingle
determinant are inadequate. The modeling of redox reactions (critical for speciation) requires the
ability to treat different numbers of f electrons at the same level of accuracy, but this cannot yet
be done with sufficient accuracy. Consequently, computed redox potentials, speciation, and
equilibrium constants that describe separation phenomena have unacceptable errors.

Whether for materials or molecules, the fundamental limitations in current techniques are
ultimately al related to the inability of current tractable electronic structure methods to capture
the multiple ways f electrons can interact with each other, with electronsin other shells, and with
their surrounding environment. This results in calculations with limited reliability in energetic
properties, materials properties, and spectroscopic properties involving electronically excited
states.

Multi-scale approaches

Many methodologies have been

developed and successfully applied

for smulation at asingle scale.

These include: electronic structure

methods, conventional and

accelerated molecular dynamics,

kinetic Monte Carlo, dislocation

dynamics, phase field

theory/modeling, rate equations,

finite element, and computational

fluid dynamics. These methods span

different regions of time and space

illustrated schematicaly in Fig. 1. To

span length and temporal scales

these methods can be linked into a Figure 1: Thelength and time spanned by different simulation
multi-scale simulation. However, ~ Methods.

thereis currently no robust way to link these single-scale methods into a multi-scale simulation
with error control across scales. Current multi-scale simulations are of great value but generally
do not have the error control that leads to results of predictive quality.

With or without error control, multi-scale simulations are computationally intensive. Massively
parallel computers frequently offer away out of most length-scale constraints as simulations
focused on different spatial regions can often be done in parallel. The same cannot be said for
time scale constraints, which with some exception (Voter 1998) involve sequential time
interations. Typically molecular dynamics simulations with realistic forces calculated by
electronic structure theory (Car et a. 1985) can be feasibly calculated to ~10 picosecond, while
simple empirical force fields can be carried out to tens of nanoseconds but cannot describe bond
breaking or charge transfer. Recently devel oped accelerated molecular dynamics (Uberuaga et al.
2005) or adaptive kinetic Monte Carlo (Henkelman et a. 2001) methods can extend time scales
out to microseconds and beyond. However, these methods typically require two or more orders
of magnitude more force calculations to achieve significant time propagation if-electronic-
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structure forces are used. New more flexible interatomic potentials are emerging (Voter 1996),
but their promise in long time cal culations has not been tested. Because of current limitations of
long time simulations, there is arestricted ability to describe slow processes (e.g., phase
transitions) or rare events, both of which can play important role in the harsh environments of
ANES.

INFREQUENT EVENTS AND LONG-TIME DYNAMICS METHODS

On time scales accessible to molecular dynamics (ps-ns), atoms in a material typically just vibrate, with
no net motion. On longer time scales (e.g., us), activated processes occur, such as the vacancy jump
shown in A for a crystal with a vacancy and an interstitial. These occur suddenly, after a long wait
(perhaps millions of vibrational periods) during which apparently nothing is happening. These infrequent
events, combined with the defect-producing action of collision cascades and fission-track events, are
responsible for virtually every long-time process in a nuclear material: cascade annealing, interface and
dislocation motion, diffusive transport, void and bubble formation, fission gas release, creep, swelling,
etc. Often, the individual events are unexpectedly complex, involving many atoms (B). This makes it
difficult or impossible to capture the proper behavior in a coarse-grained model in which mechanisms
must be pre-specified. Successive infrequent events take the system on a journey through the often-
complex state space, illustrated in C, by states connected via transition states (red dots). Omission of
complex events means pathways in this state space are missing, corrupting the predicted system
evolution. For example, if the transition between states 1 and 6 in C is unknown, a whole branch of
states would be missed that may be crucial for describing some important process like defect clustering.

Long-time dynamics methods restore fidelity to simulations by choosing the transition out of each state
in an appropriate way, without prior assumptions about the mechanisms. These methods can reach
much longer times than regular molecular dynamics. The adaptive kinetic Monte Carlo approach seeks
to find all relevant escape pathways by performing a large number of randomly initialized searches for
each visited state (D). A rate constant is calculated for each discovered pathway, and one pathway is
randomly chosen. In the accelerated molecular dynamics approach, a molecular dynamics trajectory is
used to find the escape pathway from each state, but the trajectory is stimulated in some fashion to find
it more quickly. For example, in hyperdynamics, the trajectory is run on a specially biased potential
surface (E). In parallel replica dynamics, time is parallelized by running replicas of the entire system on
many processors (F). In temperature-accelerated dynamics (G), the trajectory is carried out a higher
temperature, with filtering to allow only those events which would have occurred at the normal
temperature.
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BASIC SCIENCE CHALLENGES, OPPORTUNITIES, AND RESEARCH NEEDS
Microstructural characterization in aggressive environments

Challenges. The scientific challenge is to develop a predictive capability for modeling
concentrated alloys with complex, realistic microstructures under irradiation. Thisincludes
predictive theories of kinetics, nucleation and coarsening, dislocation motion/plasticity, fracture,
and thermomechanical properties.

Thislevel of predictive capability implies multiscale models that inform macroscale properties
with resolved microstructure evolution. Predictive capability implies that key coarse-grained
order parameters (or collective variables) emerge from the lower scale that can be incorporated
into engineering calculations, for example, continuum finite-element-type models.

Thisis an opportune time to address this challenge. In the arena of materials effects in aradiation
environment, a number of problems that have been studied in previous years now appear to be
ripe for multiscale modeling and simulation. The studies of radiation damage in different
materials—metals, ceramics, graphite and carbon-based, plastics—are each a considerable area
of research (MRS Bulletin Special Issue 1997). Together they represent opportunities for
multiscale modeling and simulation.

Needs. Thereisan urgent need for efficient and accurate predictive modeling of thermally
activated unit mechanisms at both atomistic and mesoscopic scales, coupling dislocation
processes with alloy chemistry, diffusion and precipitation and including voids, stacking-fault
tetrahedra, grain growth, and other relevant phenomena. Likewise, while there has been progress
modeling phase nucleation and stability involving alloy chemistry under irradiation (Martin and
Bellon 1996), thisis along-standing scientific problem and much remains to be done. A still
further challenge is to combine the multiple concurrent processes into a comprehensive
computational model to provide an accurate description of the co-evolution of various interacting
elements of microstructure—dislocations, grain boundaries, radiation defects, and alloy phases—
to yield the required net thermomechanical response. For a hierarchical multiscale simulation
approach to become a useful and reliable tool for material design, insertion, and certification, the
models at every single-scale level will have to be computationaly efficient to allow, on one
hand, for error propagation and quantification-margin-uncertainty analysis and, on the other
hand, for athorough exploration of the relevant parameter space in order to identify most the
informative validation experiments.

Degradation and failure in aggressive environments

Challenges. The scientific challenge overal is to develop a predictive multiscale capability for
modeling material failure under the combined effects of high temperature, local stress, chemical
corrosion, and radiation-induced damage. Associated with thisis the challenge of integrating
collaborative investigators with complementary expertise and endowing such groups with
sufficient resources to ensure a sustained effort of severa years. Still another challengeisto
leverage the petascale computing capabilities that are expected to become accessible.
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Needs. Besides petascale computer resources and hybrid simulation methods capable of linking
different levels of physics, alist of the essential developments would include the following:

e accurate electronic structure descriptions of chemo-mechanical processes at the crack tip,
large-scale MD simulations of thermo-mechanical properties under irradiation,

methods for accelerated dynamics to reach long time scales,

techniques for informing mesoscal e and continuum methods input from atomistic scale,
identification of damage mechanisms at the atomistic scale that would eventually result in
failure at the macroscopic level,

extracting macroscopic constitutive relations and coarse-grained corrosion Kinetics,
probabilistic modeling of failure risk assessment, and

e integrated experiment/theory validation at all key scales.

To illustrate the needs in another way, we show in Fig. 2 a stress corrosion cracking scenario
(Balinger 2006). Region | isthe material interface with the environment; it is also the location of
the growing crack or an entry point for an aggressive species along a grain boundary. Thisregion
needs to be treated with electronic structure and atomic-level accuracy because a crack could be
growing into the material, exposing fresh surface on which an adsorbed layer of species from the
environment isformed. Also, at thetip of the crack there will be significant stressto cause
plastic deformation, which in turn may enhance the entry of aggressive species such as hydrogen
or oxygen.

Figure 2: Schematic of interactions between material and environment for a nuclear system.
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Region Il represents the material that is not connected with the external environment. Here
neutron radiation will induce hardening, swelling, segregation, phase instability, and
embrittlement. The damage can be described at all levels—nano, micro, and macro. In the case
where the temperature is high enough, the microstructure can continuously evolve over the life
of the component, in which radiation-induced creep becomes important.

Region |11 represents the external environment which isin contact with the bulk system.
Transport of speciesinto and out of the crack enclave can be restricted, which can result in an
isolation of the crack environment. If the environment is aqueous or an inert gas containing
contaminants, radiolysis and the transport of corroding species will determine the chemistry of
the crack region. In aliquid-metal environment, the transport of oxygen into and of dissolved
corrosion products out of the crack will determine performance.

For the class of corrosion problems, one may consider spatially uniform processes, such as boric
acid and flow accelerated corrosion, or localized processes including crevice corrosion, pitting,
galvanic attack, microbiologically influenced corrosion, and various modes of stress corrosion,
or related phenomena such as corrosion fatigue and embrittlement due to fast neutron exposure,
thermal aging, and hydrogen (Staehle 2005).

Solvation and interfacial effects on chemistry

Challenge. The scientific challenge isto develop a predictive capability for modeling solutions
and interfacial phenomenafor actinide-containing systems under broad conditions of pressure,
temperature, pH, ionic strength, concentration, and radiation exposure.

Predictive capability means the ability to calculate reliable spectroscopies, equilibrium constants,
linear energy transfer (LET), etc., that interpret or replace experimental measurements or suggest
new experiments as part of arational design process. Of critical importance to ANES isthat this
predictive capability be able to balance enthalpy and entropy in complex systems with weakly
interacting components. Solutions and interfaces encompass conventional aqueous and organic
solvents, neoteric solvents, and liquid/liquid, liquid/solid, and solid/solid interfaces. These media
may contain nano-confined regions (e.g., solution micelles or chemical microenvironmentsin
porous solids) that have unique chemistries. These media must be characterized in pristine and
radiation-damaged forms. Characterizing radiation damage requires the calculation of highly
excited electronic states almost never accessed in chemical transformations.

Now is an opportune time to address this challenge. As described previously, many individual
components of the solution are just now being studied. With focused effort, we can synthesize
these different components into synergistic multiscale simulations. Many of these different
components use software already efficiently parallelized and poised to ride the technology curve
of computer performance. User facilities are expanding to provide unparalleled experimental
opportunities to validate simulations at all key scales. Furthermore each of these user facilities,
including the emerging nanoscience research centers, is emphasizing a theory/simulation effort
to assist usersthat can be drafted into addressing the validation component of our effort.
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Needs. To address this challenge, we will need increased computer resources and an integrated
experimental verification effort. This challenge will aso require the development of new
theoretical techniques that affect both the feasibility and the accuracy of the calculations:

e Wemust solve f electron challenge described elsewhereis this report.

e We need new phase space sampling methods to correctly predict entropy in complex,
coupled systems with non-additive weak interactions for equilibrium and non-equilibrium
situations.

e We need more reliable ways of linking scales to produce solvent models and interfacial
models that properly blend into the continuum. Multiscale issues are a separate challenge
discussed elsewhere in this report.

e Current methods have to become computationally faster by physically motivated novel
approximations, by new insights into the underlying mathematics, and by better software
adapted to modern computer platforms.

Successfully addressing this challenge will provide a predictive capability for solutions and
interfaces under “real” irradiated conditions, assist in the design of novel separation systems, and
contribute to the development of durable waste management systems. These are all key
componentsin ANES.

The f-electron problem

Challenges. The scientific challenge is to develop awell-formulated and predictive first-
principles theory for relativistic correlated f-electron materials and complexes.

A predictive first-principles theory means that, without any adjustable parameters, energies
(phases, defects, redox potentials, etc.), materials properties (thermal conductivity, magnetism,
etc.), and excited states (spectroscopies, photoemission, etc.) can be calculated to an accuracy
that can interpret or replace experimental measures of these same quantities. A well-formulated
theory is one that is both tractable and broadly applicable (from molecules to materials).

Thisisakey chalenge for basic research for ANES because most other challenges require
reliable predictions of actinide and lanthanide behavior as a starting point. Thisis an opportune
time to tackle this challenge. At the DFT level, new functionals have been able to address part of
the problem. In addition, because DFT molecular descriptions are often more accurate than
corresponding materials applications, molecul ar-based functionals may be useful in materials
studies. Such hybrid functionals are being developed, and initial results are promising. At the
molecular level, high-level molecular orbital theory for relatively simple systems provides a
testing ground for advanced functionals or approximate relativistic treatments that lend
themselves to more complicated approximations in both molecules and materials. It is also
possible that revolutionary ways of implementing high-level electronic structure theory using
advanced mathematics (Y anai 2005; Shepard 2006) might make these approaches more
competitive with current DFT approaches in handling f electrons.

Needs. To address this challenge, materials scientists and theoretical chemists have to combine to

develop new mathematical models and efficient algorithms that can appropriately describe the
interactions of f electrons. The commonality of the f-electron problem suggests that a multi-
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disciplinary approach would be fruitful. Thisis not a challenge that can be addressed solely by
access to larger computers. The primary problem is that we do not have the right theoretical
models to describe the open-shell multiplet effects of f electrons. Such models precede
discussion of computer requirements. Appropriate new models cannot be validated by
measurements alone because of the ambiguities in experimental interpretation. Comparison to
more rigorous models embodied in benchmark cal culations will also be needed. Developing
feasible benchmark calculations will be an important component of this effort.

Multiscale approaches

Challenges. The scientific challenge is to develop and apply predictive-quality genera
methodol ogies for multiscale simulations accommodating disparate time scales, length scales,
and/or physical descriptions. This challenge extends to the very long-time evolution of complex
systems in harsh environments.

Predictive quality means the ability to calcul ate reliable thermomechanical properties,
equilibrium constants, linear energy transfers, etc., that can interpret or replace experimental
measures of these same quantities. Key to predictive-quality multiscale simulations are robust
links between scal es with uncertainty quantification and control. At each scale, simulations have
approximations that introduce uncertainty. Bridging from one scale to another introduces
additional uncertainty. Control of how these multiple sources of uncertainty propagate to the
final multiscale resultsis critical to assigning a predictive quality to the simulation. Developing
robust scale-linking strategies with mathematical or physical underpinnings provides the
framework for uncertainty quantification and allows experiment/theory iteration to refine models
and input data.

Because the performance of reactor materials over a century or waste forms over multi-millennia
isimportant to ANES, simulations of very long-time behavior are highlighted by this challenge.
Simulations over these time scale using information from molecular or microscopic scales
require new ways of following the dynamics of the system.

Thisis an opportune time to address the challenge of predictive-quality multiscale simulations.
Parallelization is now akey strategy for spanning length scales. Consequently many multiscale
methods are well positioned to ride the technological curve of computer performance. Because
time integration is sequential, parallelization is less apt at spanning time scales, but nonetheless
recent methods have exploited parallelism for certain long time studies. There are new methods
to accel erate dynamics to long times on sequential processors. There is also the promise of new
interatomic potentials with bond-breaking and charge-transfer capabilities (Voter 1996) that may
extend the time scale of conventional molecular dynamics studies.

Needs. To address the challenge of predictive-quality multiscale simulations, current strategies
exploiting parallelism need to be extended to new petascale computing architectures. Initial steps
in improving long-time dynamics have to be fully exploited. Hybrid approaches, for example,
molecular-dynamics/Monte Carlo approaches (Violi 2004), have to be generalized. However
more central to this challengeis the need to quantify and control uncertainty across scales. This
will involve new mathematics/physics transformational algorithms that allow the systematic
calibration or replacement of scale changes. It could involve self-consistent reproduction at
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higher scales of key featuresin lower scales within a known uncertainty. It could involve
propagation of error distribution in each scale and across scales. Thisis discovery research
leading to the conversion of current ad hoc multiscal e approaches to more systematic robust
methodol ogies with assignable uncertainty in simulation results.

Needs for computer resources

The grand challenges discussed above cannot be successfully addressed without significantly
increased access to computer resources up to the petaflop class with software that is efficient and
scalable. Large multiscale simulations dominate these challenges, and their efficient mapping
onto massively parallel computersitself is achallenge. This argues for an ANES end-station
concept for several |eadership-class computers: the end station would have a certain level of
access dedicated to the entire ANES research community (much broader than the
materials/chemistry focus of our panel) and would have software and system expertise to assist
in an efficient port of ANES-centric codes that arise out the community. The end station concept
should include front and back ends for data input and analysis coupled with user-friendly
graphical user interfaces and large databases with data mining tools.

CONCLUSIONS

The steady increase in computer power, the increasing sophistication of simulations, and the
impact computational science has had on other technologies argues that ANES will substantially
benefit from predictive modeling and simulations. We have highlighted five challengesin
modeling and simulation ripe for basic research and of significant impact for ANES. Successin
addressing these challenges will require an integrated experimental/theory effort, accessto
capacity and capability computing systems, and new models that better capture the unique
physics and chemistry of heavy elements across al scales where they have an effect. Thisisan
opportune time to address these challenges because critical components of the solution are
aready being pursued by a pool of experts with often already parallelized code ready to ride the
technological curve of computer performance.

Success in addressing these challenges will at the highest level establish arole for predictive
modeling and ssimulation in ANES and will validate scientific modules for overall ssmulation of
system performance. However, beyond nuclear energy concerns, the challenges address broad
and continuing basic research interests in the behavior of highly correlated systems, chemical
bonding in novel environments, materials performance over long times, the ultrafast conversion
of electronic energy into kinetic and chemical energy, and the chemistry and material science of
interfaces down to the nanoscale.
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PRD 1: NANOSCALE DESIGN OF MATERIALS AND INTERFACES
THAT RADICALLY EXTEND PERFORMANCE LIMITS IN EXTREME
RADIATION ENVIRONMENTS

ABSTRACT

Revolutionary research is called for that enables and utilizes an integrated approach of
experimental and modeling efforts in designing radiation-resistant materials and predicting the
response of materials in extreme environments characteristic of advanced nuclear energy
systems. Scientific approaches such as self-organized nanostructured materials, grain boundary
engineering, and nonequilibrium processing offer unprecedented opportunities to apply these
integrated experimental and modeling methods. Interfaces will play a critical rolein the
survivability of these materials. New models are needed to treat the complexities of real poly-
crystalline, multiphase, multi-component materials and interfaces exposed to extreme conditions.
Smilarly, new experimental understanding is needed to validate models at the appropriate time
and length scales.

EXECUTIVE SUMMARY

The goal of designing radiation-resistant materials for extreme environments will require the
development of advanced computational models that are valid over time and length scales that
vary from less than nanometers and picoseconds to over millimeters and years. Thisis adaunting
challenge since these materials must aso display outstanding thermo-mechanical and chemical
properties, which means they will be multi-component, multiphase, polycrystalline alloys with
highly developed internal interfaces. The scientific challenges span a great variety of specific
phenomena, effects, and mechanisms and can be tackled only within a multiscale approach. This
must involve closely linked experimental, theoretical, and simulation techniques that are
mutually validated and tested on particular phenomena and then integrated with coarser-grained
approaches/model s having predictive capabilities for materials design. Achieving this goal will
represent atransformational advance in materials science and significantly contribute to
developing a vigorous, economically viable nuclear energy program. The success of this
methodology will require development of new experimental capabilities that can test model
predictions and provide input to the models at all relevant time and length scales. At the same
time, new models must be developed that can treat the complexities and nonlinearities of
complex aloysin arbitrary irradiation environments. This new paradigm offers abundant
opportunities for designing new nanostructured materials that are both radiation resistant and
microstructurally stable.

SUMMARY OF RESEARCH DIRECTIONS

Design of radiation resistant materials: exploiting interfaces and nanostructured
materials

It has long been believed that nanostructured or other materials with highly developed internal
interfaces should be resistant to radiation damage because the large supersaturations of radiation-
induced point defects cannot develop in the presence of the high-defect sink density that these
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interfaces represent. They should act as extremely effective recombination sites, and the lower
radiation-enhanced diffusion rates should also reduce solute migration (Wiedersich et al. 1979).
At the same time, it has been thought that such a far-from-equilibrium microstructure would
surely coarsen with time when exposed to high temperatures and particle irradiation. Recent
work has suggested that this latter conclusion may not have general validity. For example, the
interfaces in multilayered composites, in which the layers are only afew to afew tens of
nanometers thick, exhibit remarkable stability under intense irradiation. At temperatures up to
0.8 the melting point of Cu, the microstructure of a Cu-Nb nano-laminate remains nearly
unchanged following bombardment with 150-keV Heions up to 7 displacements per atom (dpa)
(Hochbauer et a. 2005), showing essentially no signs of damage (Fig. 1a). An MD simulation of
the perturbation of the interface due to a displacement cascade is shown in Fig. 1b (Demkowicz
2006). The most notable feature is that mixing has not occurred across the interface; instead, the
individual layers of Cu and Nb layers remain distinctly visible. Voids, gas bubbles, and other
defect aggregates such as dislocation loops or stacking fault tetrahedra are not evident.

Figure 1. (a) High resolution TEM image of an interfacein a Cu-Nb nanolayered composite
following irradiation with 150-keV He ionsto 7 dpa show no sign of damage despite

(b) significant disruption of the interface by displacement cascades, as shown in thisMD
simulation. (Figures provided courtesy of Richard Hoagland, Los Alamos National Laboratory.)

The challenge isto discover the fundamental physical mechanisms that determine the response

of ultra-high-density interface structures to extreme radiation, temperature, and environmental

conditions and to generalize the understanding to other materials systems. Key questions to be

answered include the following:

How important to stability is the sink character of the interface?

What isthe role of foreign elements on its stability?

How important is the geometry of the interface?

How important is the chemical nature of the interface?

What is the role of the atomistic structure of the interface?

How tolerant is the interface to irradiation, temperature, and the environment, individually

and in combination?

e What are the processes that are responsible for degradation of the interface and how long can
it be maintained?
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Discovery of nanophase self-organization mechanisms

Theory, modeling, and experiments have demonstrated that alloys can undergo self-organization
on a mesoscopic length scale when subjected to irradiation (Enrique et a. 2000;
Krasnochtchekov et al. 2005). The resulting microstructure is in a steady state such that radiation
resistance can be maintained indefinitely. The critical feature disclosed by these modelsisa
competition between internal and external dynamics. The internal dynamics are controlled by
thermally activated and radiation-enhanced diffusion that operates on the atomic scale, while the
external dynamics involves the athermal “ballistic” transport/mixing of atomsin energetic
displacement events. Self-organization within a given alloy system thus occurs only in a narrow
space of irradiation flux, recoil spectrum, and temperature. Presently only ssimplified models are
available; they ignore the effects of incoherent phases, grain boundaries/interfaces, defect and
impurity segregation to sinks, the role of interstitial atoms and their clusters, and the details of
defect production and ballistic mixing. Experiments, meanwhile, have been limited to afew
model binary eutectic alloys. Efforts are required to determine more broadly the conditions for
self-organization, the distribution of length scales in the systems, and the compositions of the co-
existing phases and their stabilities. To guide experiments, computations are necessary to
determine the coupling of defect fluxes to solute fluxes. Models of homogeneous and
heterogeneous nucleation in driven systems must also be developed. Particular attention should
focus on the effects of the primary recoil spectrum.

Stability limits of grain boundaries under extreme conditions

Grain boundaries and some other interfaces are typically considered as excellent sinks for point
defects and defect clusters, and therefore ultrafine grained materials are excellent candidates for
radiation-resistant materials. At elevated temperatures, however, grain boundaries migrate and
coarsening results; usually this process is enhanced by radiation (Zinkle et al. 1986). By creating
larger fractions of low-energy boundaries through grain boundary engineering or solute
additions, it should be possible to stabilize the grain size, as recently demonstrated for the case of
pure metals (Schwartz et a. 2006), while maintaining a high density of highly sink-efficient
grain boundaries. A combined modeling and experimental effort is required to explore this area.
Microstructural models must be developed that include grain boundary crystallography and that
can evaluate their efficiency as sinks. Since engineering alloys are multi-component, these
models must also treat solute segregation to the boundaries and the effect on the boundary
structure, mobility, energy, and volume. Carefully designed experiments that examine the effects
of grain boundary orientation on sink efficiency, nucleation of second phases, and grain
boundary width will be necessary for critical validation of such atomistic models, and input into
higher level models employing coarse-graining procedures.

Solute segregation at complex interfaces

Under radiation, coupling of solute atoms to vacancy and interstitial defect migration to
interfaces can lead to substantial nanoscal e enrichment and depletion of solutes (Wiedersich

et a. 1979). Understanding the response of interfaces to structural and chemical changesis
critical in understanding the overall response of the material to radiation, temperature, and a
corrosive environment. For example, while efforts to measure and model segregation of
substitutional solutes have been reasonably successful in austenitic aloys (Allen and Was 1998),
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such is not the case in ferritic-martensitic alloys. Under irradiation, chromium always depletes at
grain boundaries in austenitic aloys, but recent observations have revealed that chromium
enriches at grain boundariesin ferritic-martensitic alloys. Measurements are largely qualitative
and are not in compl ete agreement on the behavior of chromium. An understanding of the cause
of this difference in behavior of chromium in solution is noticeably lacking. An understanding of
the behavior of interstitial solutesis poorer till, yet interstitial clustering can have a profound
impact on materia properties. A significant challenge is to understand how solutes segregate to
sinks and to develop models to predict their behavior. Additional challenges include how
segregation is affected by crystal structure, how boundary misorientation affects the degree of
segregation, how solutes interact at interfaces, how they are transported to and along interfaces
under irradiation, and how their accumulation or depletion impact properties of interfaces and
consequently material properties.

Phase stability in precipitation-hardened and oxide-dispersion-strengthened
alloys

Engineering aloys are normally thermo-mechanically treated to impart strength, toughness, and
ductility. Presently, attention is focused on refining the microstructure of these aloys to impart
radiation resistance. Particularly promising alloys are 8 to 14% chromium steels which are
mechanically alloyed with small amounts of yttria to produce oxide-dispersion-strengthened
(ODY) dloys. The oxide clustersin these alloys, owing to their highly nonequilibrium
processing, are approximately 2 to 4 nm in size, they are not stoichiometric, and their boundaries
are diffuse. While the alloys designated 12YWT and 14YWT show excellent thermal stability at
elevated temperatures (Miller et al. 2005), their stability under very long-term irradiation remains
less certain. Nevertheless, the concept of preparing highly nonequilibrium aloys that remain
stable under extreme conditions of temperature, stress, radiation, and corrosion represents a
promising new direction in designing radiation-resistant alloys, but thiswill require a
fundamental understanding of the underlying science.

Theoretical models describing atomic interactions across interfaces of dissimilar materials are
needed but are presently unavailable. Similarly, models are required to explain why these aloys
do not coarsen by Lifshitz-Slyozov-Wagner (LSW) or particle aggregation mechanisms, to
calculate the energies of diffuse interface and to determine whether their stability is
thermodynamically based or a consequence of retarded kinetics. If kinetic processes dominate,
we must understand why ballistic recoils do not eventually dissolve this microstructure. In order
to efficiently advance such research, models at both the atomic scale and mesoscal e are needed.
For the former, new interatomic potentials describing interactions across dissimilar, but diffuse,
interfaces are needed. V alidation experiments are needed that provide definitive information on
structure of the nano-precipitates, their ability to trap defects, their stability, and the nature of
atomic diffusion/transport under irradiation. Similarly, models at atomic and more macroscopic
levels are needed to study interaction of these precipitates with dislocations and to parameterize
it within an appropriate continuum approach. In situ experiments are necessary to guide and
validate these models.
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Fundamental understanding of chemical and mechanical phenomena at
interfaces in heterogeneous structures under irradiation

Many of the mechanisms relevant to microstructure evolution in irradiated fuel involve
interfacial phenomenain heterogeneous structures. These range from macroscopic interfaces,
where failure can develop as aresult of pellet-cladding interaction and pellet-cladding bonding at
the end of life, to microscopic interfaces such as exist between bubbles or fission-product
precipitates and fuel matrix, between different grainsin the fuel, and interfacial behavior
between different phases in inert matrix fuels. The performance of inert matrix fuels depends
critically on the ability of the spent fuel matrix to immobilize the fission products. Atomistic
behavior at the interfaces between fuel and matrix is critical to understanding phenomena such as
micro-cracking, fission-product damage, and second-phase precipitation. The study of
microstructure development at interfacesin inert fuel matrices will be essential to understanding
their performance.

Discovery of materials that are impervious to irradiation

Nature has provided several intriguing hints that it may ultimately be possible to scientifically
tailor materials to be extremely resistant to accumulation of radiation damage. Two general
strategies can be envisioned. The first approach involves improving the inherent resistance of
single-phase materials to radiation damage accumulation. For example, numerous ceramics
including spinel (MgAIl,O,) (Ibarraet a. 2006; Neeft et al. 1999; Clinard et al. 1982) and silicon
carbide (SIC) (Katoh et al. 2006; Y ano et a. 1998) have been shown to have very high resistance
to neutron radiation-induced void swelling over a wide temperature range. A variety of possible
mechanisms have been postulated, but there is no fundamenta understanding of the reason for
thelr radiation resistance. The second approach involves utilization of nanoscale features to
attract migrating point defects and force their recombination. Support for this approach is based
on observations and fledgling modeling studies showing that materials containing a high
concentration of nanoscale interfaces and second-phase features may offer very high resistance
to radiation damage accumulation. For example, Fig. 2 illustrates how fine dispersions of carbide
and phosphide precipitates in advanced austenitic stainless steel were found to substantially
increase in the incubation dose for swelling (Maziasz 1993; Lee et al. 1981).

In both cases, new scientific breakthroughs are needed to understand the fundamental physical
processes that control point-defect interactions within single-phase matrices and at engineered
interfaces. The grand challenge involves discovering whether it is possible to design materials
with apractically unlimited radiation dose capability using these or other strategies. Answering
this challenge will require new fundamental knowledge developed through a close connection of
advanced computational materials modeling capability with creative experiments, including
characterization with awide range of state-of-the-art techniques.

SCIENTIFIC CHALLENGES

Structural aloys designed for high-temperature application are generally multicomponent
materials with several major and minor aloying elements, and they exhibit a complex
microstructure, including dislocation structures, precipitates, grain boundaries, and other internal
interfaces. Point defects produced during neutron irradiation promote enhanced diffusion, solute
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Figure 2: Comparison of the irradiation-induced cavity microstructurein
ternary Fe-Cr-Ni stainless steel at 0.4 dpa (left) and 70 dpa (inset) at 675°C
versusat 109 dpa at 675°C in a steel with microstructural design to limit
swelling. The more numerous, but much smaller, cavitiesin the advanced steel
exhibit significantly less swelling. (Lee, E. H., A. F. Rowcliffe, and L. K.
Mansur. 1981. “Precipitation and cavity formation in stainless steels during
irradiation,” Journal of Nuclear Materials 103& 104, 1475.)

segregation, phase instabilities, and a highly complex defect microstructure. The scientific
challenge in designing alloys that are resistant to irradiation (self-healing) derives from the
difficulty in treating the multitude of interactions between defects and alloy constituents and the
non-linear manner in which they influence the microstructural evolution and materials properties.
The potential exists to exploit interfaces in devel oping radiation- and environment-resi stant
materials, such as by designing interfaces that impart specific properties to the material through
retention of stability or through predetermined evolution of stability. The route to such interface
stability control is through improved understanding of interface character and mass transport
processes.

The complexity of these materials cannot be treated in the near future by computational models
alone, despite many recent theoretical advances and the arriving age of teraflop computers. Even
the response of a simple metal over the first few picoseconds following a single energetic
collision with afast neutron cannot yet be accurately calculated from first principles. At the same
time, the hope of testing materials for their radiation resistance over the decades in which they
will bein serviceis equally formidable, since material changes are very sensitive to the exposure
temperature, neutron flux and fluence, the details of the primary recoil spectrum, and mechanical
loading conditions.

One approach is to take information derived from accelerated irradiation experiments on specific
alloys and accurately scale it by embedding the experiments with high-level computing to predict
materials response under the conditions of areactor environment. This same paradigm can be
employed for designing new radiation-resistant materials for applications not yet envisaged. The
scientific challenge, therefore, isto fully integrate computational capabilities with experimental
observations. Thiswill require critical experiments for validation of models at many different
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time and length scales as well as quantitative information for input into the models. This
challenge will require models that accept experimental input for parameters yet too difficult to
calculate, and at the same time define the critical experiments and then help in their
interpretation.

POTENTIAL SCIENTIFIC IMPACT

An understanding of radiation effects and thermo-mechanical properties of multi-component,
multiphase and poly-crystalline materials, in which properties may be primarily governed by
interface properties and processes that occur at interfaces, provides a basis for the development
of new materials and microstructures with propertiestailored to resist degradation by thermal,
radiation, and environmental effects. New combinations of integrated theoretical, experimental,
and modeling techniques that overlap in time and length scales for their mutual validation will
permit understanding of new phenomena occurring at the atomic scale, while having a predictive
capability for effects at the meso- and macro-scales. A more complete understanding of grain
boundary/interface behavior will provide the underlying support for developing materials that
exhibit reduced variability in performance, and to a predictive understanding of environmental
attack phenomena at high temperatures.

POTENTIAL IMPACT ON ADVANCED NUCLEAR ENERGY SYSTEMS

The seamless integration of advanced computational methods with an incisive and interactive
experimental program will accelerate development, validation, and qualification of materials that
can withstand extreme environments. Thiswill occur by the discovery of new materials, tailored
to be radiation tolerant while retaining the chemical and mechanical integrity required of
structural materialsin otherwise harsh conditions. Materials with interfaces designed for
enhanced performance will impact advanced nuclear energy systems through increased
resistance to degradation such as fuel-clad interaction, stress corrosion cracking, and surface
oxidation. The increased degradation resistance leads to increased component performance and
lifetime, which trandates into increased reliability, safety, and economics.
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PRD 2: PHYSICS AND CHEMISTRY OF ACTINIDE-BEARING
MATERIALS AND THE f-ELECTRON CHALLENGE

ABSTRACT

An unsolved problem in the fundamental theory of actinide-bearing nuclear materialsisthe
description of the electrons partially occupying the f orbitals in these systems. As a result, there
are no generally accepted and applicable methods that can reliably predict the properties of
nuclear fuel and waste forms in the solid state or separation systemsin the liquid state. New
advances in exchange and correlation functionalsin density functional theory as well asin the
treatment of relativistic effects and in software implementation on advanced computer
architectures are needed to overcome the challenges of adequately treating the behavior of 4f
and 5f electrons, namely, strong correlation, spin-orbit coupling, and multiplet complexity, as
well as additional relativistic effects.

EXECUTIVE SUMMARY

Nuclear fuel systemstypicaly require decades to optimize, and even today light water reactor
(LWR) fuels are not understood well enough to make significantly extended burnup aviable
technology option. Efforts since the late 1980s to develop transuranic (TRU)-based fuels have
had limited success because of alack of basic understanding of materials properties, thereby
forcing the design and performance analysis to rely on empirical data and irradiation testing. For
the same reason, any effort to develop new fuels for the advanced nuclear energy systems of the
future, systems containing minor actinides subject to requirements of higher burnups and fast-
fluence environments, faces asimilar or perhaps even more daunting challenge (Konings and
Haas 2002; Pillon et al. 2003).

To rectify this situation, a more fundamental approach to the development of nuclear fuels
should be undertaken. A first step would be to significantly improve our understanding of the
electronic structure and the ensuing physical properties of fuel materials and associated
separation agents and processes needed in treating spent fuels. Materials composed of atoms and
molecules with open 4f and 5f shells exhibit strongly correlated electron behavior, which thus far
has prevented reliable predictions of how the physical properties of the material systems change
in response to external conditions, such as temperature, pressure, and impurities. In fact, at
present, it is often not possible to predict the correct ground state of a solid actinide or oxide, or
to get the wave function for a complex open-shell molecule to converge. The standard methods,
which work well for many other metals, can totally fail for strongly correlated f-electron
materials. Therefore a clear need exists to develop new approaches that build upon existing
many-body or correlated band theory yet are able to address strong correlations, spin-orbit
corrections, and relativistic effects. New approaches that show promise include improved density
functional theory (DFT) functionals, dynamica mean field theory, quantum Monte Carlo
methods, and new molecular orbital approaches. The criteria should focus on accuracy in
physical property prediction without empirical parameters and uncontrolled approximations. The
theoretical development needs to incorporate results from innovations in measurement
techniques which provide data for benchmarking the calculations.
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SUMMARY OF RESEACH DIRECTIONS

The performance of nuclear fuel during operation and its behavior after service are governed by
the chemical, physical, and mechanical properties of the components, especially the actinide-
bearing materials. For example, high thermal conductivity is aconcern for heat removal: the
liguidus (melting) temperature of the fuel sets alimit for safe operation, and the complex melting
and vaporization behavior of fuel must be known to assess fuel stability during transient
conditions. Over the temperature range of 500 to 3000°C, reliable databases exist for UO, but not
for other actinide compounds. For the materials of interest, it is known that they exhibit
increasingly complex defect behavior with increasing temperature, which in turn strongly affects
their chemical and physical properties. Over 50 years of effort to understand these phenomena
have met with limited success; even for UO,. there is difficulty in modeling its structure near
O/U = 2 (Baichi et a. 2006).

Appropriate research directions to achieve a better fundamental understanding of the properties
of complex, advanced actinide fuels, especially at high temperature and associated separation
processes, are as follows:

e Development of electronic structure methods (molecular orbital theory and DFT based) to
address the f-electron challenge. For DFT, these methods must not introduce parameters that
are poorly characterized, uncontrolled approximations; also, ad hoc prescriptions for the
construction of energy exchange—correlation functionals and for molecular orbital (MO)
theory must substantially reduce the computational cost. These approaches must improve the
accuracy of property predictions for f-element-containing molecules and solids (energetic,
physical, magnetic, and spectroscopic) and must be capable of addressing the defect
properties of multicomponent actinide fuel/fission product systems (including conventional
fuel compositions and advanced fuel forms such as inert matrix fuels). The defect models
must also capture the unconventional phase behavior/stoichiometry of these systems, going
beyond the current qualitative descriptions.

e Development of electronic structure methods that can be used as benchmarks for dealing
with the f-electron challenge, for example, those for first- and second-row compounds that
provide essentially exact answers, even if only for model systems.

e Development of nonconventional experimental techniques to measure the thermal
dependence of the properties of complex actinide materials, despite the difficulties of
extreme temperatures. These techniques include containerless high-temperature property
measurements and new spectroscopic methods. Such techniques will allow for the study of
high-temperature phase equilibria and associated fundamental chemical and physical
properties, which are not currently possible using conventional techniques. Additional
experimental measurements are needed to obtain high-accuracy thermodynamic, kinetic, and
spectroscopic data for benchmark purposes, especially for radioactive el ements.

e Development of DFT and relativistic core potentials for structure and energetics of
complexes with actinides in low oxidation state and with more than one 5f electron.

SCIENTIFIC CHALLENGES

The calculation of the structural, electronic, and magnetic properties of actinide materialsis
complicated by the fact that the 5f electrons exhibit aspects of both localized and delocalized or

106 Priority Research Direction 2



strongly correlated electron behavior. In addition, the fact that there are 7f orbitals with partial
occupancy leads to the multiplet problem. Thisis especially true for later actinides with lower
oxidation states. As aresult, standard DFT-based methods, such as the local density
approximation (LDA) and generalized gradient approximation (GGA) approaches, which work
so well in normal materials, fail in fundamental ways for many actinide metals, alloys, and
compounds. Similarly, while considerable progress has been made for actinide molecular
complexes containing early members of the actinide seriesin high oxidation states (minimal
multiplet problem), these same strong correlation effects result in unacceptable inaccuraciesin
the computation of redox potentials, speciation, and equilibrium constants for separation
phenomena. These issues are further complicated by the fact that the actinides are heavy
elements and must therefore be treated within arelativistic formalism, in the best case, with a
four-component solution of the Dirac equation, which is computationally very expensive and
currently intractable computationally except for the smallest systems.

Solids

For materials where strong electron correlations are not amajor issue (many metals, alloys,
semiconductors, and compounds), the impact of electronic structure theory calculations at the
LDA" level on materials design and discovery has been profound. Major reasons for this are the
ready availability of robust and flexible implementation of LDA methods in solid state codes and
the ever-increasing availability of computational power to apply them. Oneis able to describe
the ground-state energies with sufficient accuracy to model the essential aspects of real materials
and complex phenomena, as well as to interpret and guide experimental materials design and
discovery. Thus, ground-state structures, cohesive energies, energy differences between
polymorphs, point and extended defect energies (stacking fault, antiphase boundary, grain
boundary, dislocation core, and surfaces) are readily obtained from LDA calculations and
provide afundamental electronic structure basis for understanding the properties of materials.
With the addition of approachesto deal with excited state effects [GW, time dependent-density
functional theory (TD-DFT) etc.] and the development of scalable [O(N) or near O(N)] DFT
methods, these techniques are now the workhorse of condensed matter physics and materials
science theory.

For materials where strong correlations are an issue, prime examples being transition metal
oxides and the f-electron metals, alloys, and compounds, no such robust theory exists. Modern
electronic structure theory failsto give the qualitatively correct ground states of many actinide
systems (oxides, nitrides, and carbides). For example, relativistic LDA or GGA calculations
predict metallic behavior for solid UO, when it is actually an insulator with a gap of the order of
2 eV. In this sense, UO, shares the challenges of strong correlation so familiar in transition metal
oxides. A candidate for a next-generation fuel, UN, is metallic and predicted to be so by the
LDA. However, it appearsto be a strongly correlated itinerant antiferromagnet, reminiscent of
certain phases of other strongly correlated systems such as elemental plutonium and cerium. In
the case of metallic plutonium, LDA predicts a magnetic ground state which isin sharp
contradiction to experimental observation (Lashley et al. 2005).

" From here on, we will use “LDA” will represent the general class of DFT methods that use simple local and
gradient approximations to the exchange correlation energy density, including LDA and GGA.
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While approaches exist that go beyond standard LDA/GGA, such as LDA+U, LDA-dynamical
mean field theory (DMFT) (Kotliar et a. 2006; Savrasov et a. 2006; McMahan 2005; Kotliar et
al. 2004; Savrasov et al. 2001), self-interaction correction-local spin density (SIC-LSD) (Petit et
al. 2002, 2003), and hybrid functionals (Prodan et al. 2005; Kudin et a. 2003), that partially
address these issues, a comprehensive and generally accepted predictive theory with the quality
of LDA for normal metal, alloys, and compoundsis still lacking for materials containing the
actinides. The consequences of this inadequate understanding of the strong correlation effects
means that we are unable to understand the el ectronic properties of many actinide materials even
in aqualitative sense, much less calcul ate reliable energetics and other properties for different
phases, point or extended defects, and diffusion barriers. Predictions of physical properties
relevant to nuclear fuels such as thermal conductivity, spin and orbital magnetism, and lattice
dynamics are rendered inaccessible, and calculations of excited-state response functions and
interpretations of optical and photoemission spectroscopies are suspect. Formulating and
implementing first-principles electronic structure methods of sufficient accuracy (at a minimum
in terms of energetics), therefore, constitute a major challenge in condensed matter physics and
materials science.

Although the f-electron challenge remains an open issue, substantial progress has been made
over the past few years which offers pointers to the essential elements of a comprehensive
theory. The LDA-DMFT approach combines DMFT with DFT and allows a high-level treatment
of on-site correlation effects while keeping a full description of the electronic structure (Kotliar
and Vollhardt 2004). Typically, correlations are introduced through the addition of an on-site
Coulomb interaction (Hubbard-U), and they are then handled to varying degrees of

completeness, depending on the approach used (e.g., fluctuation exchange, quantum Monte
Carlo). Because DMFT isasingle-site theory, the effects of correlations at other sites on the
central site are treated through a frequency-dependent self-energy X, which is determined self-
consistently. In self-interaction-corrected (SIC) LDA, the known self-interaction error present in
LDA for electronic states that are well localized is properly treated. The SIC-LDA approach
gives agood description of many of the localization-del ocalization transitions that are endemic
to actinide physics and gives afirst-principles definition of valence. While LDA-DMFT methods
appear to do agood job of treating on-site correlations, to date, they do so at the cost of
introducing an adjustable parameter and are no longer fully first principles. In addition, the
degree to which correlations effects are included, over and above those aready inherent in LDA
methods, is uncertain. Although the SIC-LDA approach is parameter free and treats the broad
features of the transition between localized and delocalized states, it does not treat dynamical
effects and the Kondo resonance; thisis problematic in materials that are neither clearly localized
or delocalized. Recently, exact exchange and hybrid DFT approaches devel oped for molecules
have been implemented for solids, and the limited experience obtained thus far suggests they are
very promising. Lattice constants, band gaps, magnetic behavior, and the density of statesin
many Mott insulators are all significantly improved over LDA. With the development of
screened hybrid functional's, applications to correlated metals are now possible. Although they
perform well for conventional metals, experience with the correlated metals of interest hereis
limited.
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Complexes

It is currently possible to make reliable predictions of the structures of early actinide complexes
in high-oxidation states. Substantial success has been achieved in predicting the structure and
vibrational spectra of inorganic complexes and organometallic complexes of early members of
the actinide series where the spin orbit and multiplet structure are minimized. Solvation effects
on structure, vibrational frequencies, and energetics have been predicted reliably (Gutowski and
Dixon 2006). Most of these calculations have been done with DFT and relativistic effective core
potentialsto treat the scalar relativistic effects; these methods have been benchmarked by high-
level molecular orbital theory calculations (Liu et al. 1995; Wilson 1988). DFT has proved to be
an excellent technique for structural and vibrational spectra calculations but is not as good for
certain types of binding interactions. In fact, the accurate prediction of solvation effects requires
the use of molecular-orbital theory methods such as MP2 to deal with the nonbonded
interactions. A number of approximate methods exist for treating scalar relativistic effects, such
as the Douglas-Kroll-Hess (Hess 1986) or ZORA methods (Van Lenthe et al. 1993). Although
the calculations have provided insights into actinide binding, the accurate treatment of the
electronic properties of actinide-containing complexes poses severe challenges for electronic
structure theory. Thisis particularly true when more than asingle f electron is present asfound in
the typical oxidation states of the higher actinides. For example, the quantitative modeling of
redox reactions, which are critical for the interpretation of speciation, requires improved
energetic accuracy and the ability to treat different numbers of f electrons at the same level of
accuracy. Here, problems associated with multiplet interactions arise, which cannot be reliably
captured with conventional molecular orbital or DFT approaches based on a single determinant.
Similar problems associated with multiplet structure also arise in the localized regime for solids.

POTENTIAL SCIENTIFIC IMPACT

Extending the understanding of chemical bonding and electronic structure to materials

incorporating actinide elements will be a significant scientific achievement. Thisis one of the

most challenging problems in the electronic structure theory of matter, combining fundamental

interest and practical applications at the cutting edge. The implications of a successful resolution

of the f-electron challenge are as follows:

e A robust theory of f-electron metals, alloys, compounds, and transition metal oxides

e An accurate and predictive description of the structural and phase stability of actinide metals,
aloys, and compounds that can underpin future materials development

e Understanding of the properties and concentrations of point and extended defects in actinides
and actinide-bearing materials

¢ Input from the atomic and microscale levels to multiscale models (energies and free energy
barriers)

e Predictive description of the bonding in and energetics of actinide complexesin different
environments, especially for TRUs in low oxidation states

POTENTIAL IMPACT ON ADVANCED NUCLEAR ENERGY SYSTEMS
The availability of data on fundamental properties of actinide (5f electron) elements and their

compounds will have a direct impact on the development of innovative fuels and associated
separations processes for advanced nuclear energy systems. First, it will provide ascientific basis
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for pre-selection of candidate materials. Thiswill allow a significant reduction in the need for in-
pile experiments to examine fuel behavior and, thus, substantially reduce the time and cost for
the development of advanced fuel systems, an historically critical issue. Second, it will lead to a
“tailored-design” approach to complex irradiation tests and interpretation far beyond the current
empirical approaches. Third, it will reduce uncertainty in operational/safety margins, which will
allow for optimization in terms of actinide loading and reactor operation.
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PRD 3: MICROSTRUCTURE AND PROPERTY STABILITY UNDER
EXTREME CONDITIONS

ABSTRACT

A fundamental understanding of how materials respond when exposed to the extreme conditions
characteristic of advanced nuclear energy systems is essential to the development of nuclear
fuels, structural materials, and waste forms. These include high radiation damage rates, high
temperatures, complex mechanical loadings, aggressive chemical environments, and very long
times. To successfully meet these challenges, devel opmentsin the underlying theory of electronic
structure, the discovery of new methods of linking complex computer models, novel experiments,
and detailed microstructural characterization are all required. The result will be fundamental
new knowledge with the potential for dramatic improvements in nuclear fuel performance, the
design of new structural materials with enhanced radiation resistance, and the devel opment of
waste forms with the desired stability over geologic time frames.

EXECUTIVE SUMMARY

Materias of interest to advanced nuclear energy systems include the fuel itself, the cladding that
structurally isolates the fuel from the reactor coolant, and materials used to fabricate the other
structural components of the reactor. In addition, long-lived radioactive isotopes must be
extracted from the spent fuel and incorporated into a stable waste form. The common thread
among these many materials and applications is the relationship between materials
microstructure and the physical and mechanical properties of the material. Despite the vast
differences in properties and functionality of these disparate materials systems, they share a
common link of microstructural evolution in response to displacement and ionizing radiation
damage. The microstructural evolution that takes place in a single nuclear-reactor fuel pin (fuel
plus cladding) illustrates some of the challenges that must be successfully resolved to implement
advanced nuclear energy systems. For oxide fuels, theinitial, nearly homogeneous sintered pellet
evolves into a multiphase, multicomponent material as new chemical species are produced by
fission in an environment of high neutron fluxes, high temperature, and high-temperature
gradients. Solid fission products lead to the formation of new phases and fission gases lead to
bubble formation while the grain structure of the host oxide is dramatically atered. These
microstructural and microchemical changes lead to substantial changesin physical properties
such as thermal conductivity and mechanical instabilities such as cracking which influence
temperature and fission product retention. Simultaneously, the microstructure of the fuel
cladding is driven far from equilibrium by neutron irradiation. Radiation-induced production,
migration, and coalescence of point defects lead to the formation of new microstructural features
such as dislocation loops and voids, while the pre-existing dislocation microstructure may break
down as these dislocations climb and glide in response to point defect fluxes and applied stress.
Persistent point defect fluxes also lead to phase instabilities and the formation of non-equilibrium
phases. The helium and hydrogen produced by transmutation act to promote the stability and
growth of defects such as bubbles and voids. Finally, the fuel cladding is simultaneously subject
to chemical attack by the reactor coolant on the outside surface and by solid fission products on
the inside surface. Microstructural evolution in the other in-core structural componentsis similar
to that of the fuel cladding. The scientific challenge for waste formsis to develop predictive
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models to understand the behavior of container materials during exposures to aggressive
radiation and chemical environments of 10'* s or greater.

The rapid devel opments in computational materials science in recent years over a broad range of
length and time scales, coupled with continuing advances in microstructural characterization
facilities and techniques, make this an opportune time to initiate a fundamental research effort
aimed at understanding microstructural evolution and predicting microstructural stability in
materials systems for advanced nuclear energy. The individual processes can be studied using
realistic models that account for the range of processes occurring in anirradiation field. A
principal requirement for modeling fuels and actinide-containing waste forms is further
developments in electronic structure theory to permit the calculation of material and defect
properties in actinides from first principles. Thiswould enable the devel opment of interatomic
potentials that would permit atomistic simulations of primary damage formation, and extended
defect formation and evolution. When the theory and modeling work is applied in concert with
an experimental effort to characterize the microstructure of irradiated materials using advanced
tools such as atom probe, neutron scattering, photon spectroscopy and aberration corrected
electron microscopy facilities, we have the capability to validate even atomistic simulations.
Thus, modeling and experiments can work hand in hand to accel erate the pace of knowledge
generation. A more complete and mechanistically based understanding of microstructural
evolution under irradiation would provide afundamental basis for developing and predicting the
behavior of advanced fuels, structural materials, and radioactive waste forms.

SUMMARY OF RESEARCH DIRECTIONS

Multiscale modeling of the radiation-induced microstructural and microchemical
evolution of the fuel and their validation by targeted experiments

A mgjor scientific challenge is the need to develop robust electronic structure methods for
actinides in which the behavior of 5f electronsis strongly correlated and requires the
consideration of relativistic effects. The now standard density functional theory employing the
local density or generalized gradient approximation, which has been successfully applied to
many other materials, fails to describe the behavior of the actinides. A new underlying theory
needs to be developed in order to compute fundamental properties such as defect formation and
migration energies in both the pure metals and compounds (oxides, nitrides, carbides) involving
these metals. This would enable the development of interatomic potentials that would permit
atomistic simulations of primary damage formation and extended defect formation and evolution.
The increased computing power available today permits the relevant processes to be simulated at
much finer time and spatial scales so that the overall microstructure evolution can be understood
at afundamental level. Because no single model can span the full range of required length and
time scales, it is hecessary to use appropriate methods at different scales. A key to realizing the
potential benefit of computational materials science would be arevolutionary advance in the
state of the art of linking of the atomistic, mesoscale, and continuum models.

The interaction between the modeling and experimental research isimportant. Over the last
10 years, many experimental techniques have been devel oped that allow the characterization of
microstructure on a much more detailed scale and in novel ways. Application of high-intensity
photon and neutron beams at facilities such as the Advanced Photon Source, the High Flux
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| sotope Reactor, and the new Spallation Neutron Source are providing further opportunities for
characterizing defects at the near atomic scale. When applied in concert with advanced atom
probe and el ectron microscopy facilities, we now have the capability to validate even atomistic
simulations. Thus, modeling and experiments can work hand in hand to accelerate the pace of
knowledge generation. Because the evolution of nuclear fuel microstructure is so complex, and
because of the difficulties associated with handling irradiated fuel, many fundamental
experiments may be conducted initially using model systems.

Unlocking the mechanisms to enable operation of materials at extreme
temperatures and environments

The operation of structural materials in high-temperature environmentsis nearly as daunting as
the irradiation environment itself. High temperatures typically destabilize materials by dissolving
and coarsening microstructural features introduced for strength and accel erate time-dependent
deformation and stress rel axation processes, as well as oxidation and corrosive degradation. The
goal for some advanced nuclear energy systems involves coolant temperatures above 1000°C,
which isa 700°C increase over current technology.

The strategy of nanoscal e materials design provides one approach to developing materials
impervious to extreme temperatures and nuclear environments. Recent research on ferritic
stainless steel s demonstrates the potential for engineered microstructures which incorporate an
ultrahigh density of ~2- to 6-nm-diam-scale Y -Ti-O solute aggregates and larger complex oxide
nanoclusters, in conjunction with approximately 20- to 30-nm grain sizes. These steels exhibit
improved creep strengths relative to conventional steels, as shown in Fig. 1, and appear to have

(@) (b)

Figure 1: Atom map of a nanosized Y-Ti-O featurein an advanced
nanostructured ferritic alloy (NFA) and demonstration of the improved creep
performance of arepresentative NFA at 650°C, as compar ed to a conventional
ferritic-martensitic alloy (Miller, M. K., E. A. Kenik, K. F. Russell, L. Heatherly,

D. T. Hoelzer, and P. J. Maziasz. 2003. “ Atom Probe Tomography of Nanoscale
Particlesin ODS Ferritic Alloys,” Materials Science and Engineering A 353, 140;
Alinger, M. J,, G. R. Odette, and D. T. Hoelzer. 2004. “ The Development and Stability
of Y-Ti-O Nanoclustersin Mechanically Alloyed Fe-Cr Based Ferritic Alloys,” Journal
of Nuclear Materials 329-333, 382).
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remarkable high temperature stability with very limited nanocluster growth and coarsening
following relatively short-term thermal aging studies (Miller et al. 2003; Alinger et al. 2004).
However, neither the mechanisms responsible for improved high-temperature strength and creep
deformation nor for the apparent thermal stability of the nanoclusters are understood.

The grand challenge is to discover the fundamental physical processes required to stabilize
inherently non-equilibrium microstructures, to understand the physical mechanisms that control
deformation, and to discover the fundamental chemical mechanisms for corrosive environmental
degradation that limit the practical use of structural materialsin extreme temperature
environments. Addressing these issues will require new basic knowledge devel oped through a
close connection of advanced computational materials modeling capability with creative
experiments, including characterization with a wide range of state of the art and in situ
transmission electron macroscopic (TEM) studies at elevated temperatures. The knowledge will
enable the design of creep- and environmental degradation-resistant microstructures that remain
stable, or better yet, evolve towards even more resistant states in extreme high temperature-
environments.

Discovery of high-strength materials impervious to fast fracture

The design of high-strength microstructures that are highly resistant to localized deformation and
fast fracture is another challenge to the realization of materials with radically extended
performance limits in extreme nuclear environments. Even if radiation damage and extreme
temperature environments are not an issue, many fundamental scientific questions exist
regarding the inherent trade-off between high strength and low toughness that |eads to reduced
resistance to fracture, especially at low temperatures. Furthermore, the observation of localized
deformation in awide range of materials and its apparent correlation with plastic instability and
environmentally assisted cracking raises basic questions about the relationship between matrix
stress, localized deformation, and fracture toughness.

A related challenge involves developing a fundamental understanding of the brittle to ductile
transition in body-centered cubic materias. Figure 2 illustrates how a combination of
computational materials modeling and innovative experiments could be used to address this
guestion. This multiscale interpretation of the mesoscal e and macro-continuum aspects of the
brittle-to-ductile transition in ferritic aloys (Odette et al. 2003) has been successful in
understanding phenomena such as specimen size effects and moderate levels of irradiation
embrittlement on fracture toughness. However, current understanding of the atomic-level
processes that govern microcrack arrest toughness and local crack-tip dislocation processesis
insufficient to unlock the secrets of the brittle-to-ductile transition.

Statistical characterization of defect reactions and microstructural evolution

Quantitative experimental and theoretical models that effectively handle the wide variety of
microstructure features in an irradiated material are extremely challenging. Electronic structure
calculations have become a highly reliable means for obtaining point defect energies and their
interactions with solutes in metals. However, the difficulty that arisesin most irradiated
materials, and particularly concentrated alloys, is the multitude of possible defect interactions
(Ghoniem et a. 2000). It becomes, therefore, aformidable task to calculate and categorize al of
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Figure 2: Schematicillustration of the mechanisms controlling brittle failure and the
microstructural processes by which local cleavage fractur e toughnessis amplified. (Odette, G.
R., T. Yamamoto, H. J. Rathbun, M. Y. He, M. L. Hribernik, and J. W. Rensman. 2003. “Cleavage
Fracture and Irradiation Embrittlement of Fusion Reactor Alloys. Mechanisms, Multiscale Models,
Toughness Measurements and Implications to Structural Integrity Assessment,” Journal of Nuclear
Materials 323, 313.)

these interactions. The specificity of interactions between defects, moreover, often renders such
specific calculations of limited macroscopic predictive significance. Coarse graining methods
will therefore be necessary. Phase field models can contribute in this area, but new methods must
be developed to define field variables within each cell. This can possibly be achieved by current
calculation methods, such as object-based kinetic Monte Carlo, but this has not yet been
demonstrated for any systems other than electron-irradiated pure metals (Fu et a. 2005). While
these efforts are important, totally new procedures are needed that utilize the results of
experiments designed to provide validation of atomic-scale mechanisms and quantitative
information at the mesoscopic length scale, especially for materials undergoing simultaneous
irradiation and deformation.

On alarger length scale, theoretical and experimental methods have traditionally been based on
mean field and relatively simple averaging methods. Y et, critical material properties (e.g.,
plasticity and fracture) are determined by spatial heterogeneities and fluctuations, as has been
demonstrated in irradiated copper and pure iron (Ghoniem et al. 2001). Determinations of
densities and size distributions of microstructure features through experiment or calculation,
while indeed difficult tasks in themselves, are often not of critical importance, especially for
topologically complex defects and microstructure interfaces. There is an urgent need to develop
statistical methods, beyond current state of the art, to describe the vast topological configurations
of the microstructure and its evolution, and which enable precise direct spatial and temporal
correlations between computer simulations and experiments.
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Microstructure and phase evolution involves awide range of non-linear interactions and
processes that render a priori prediction of the kinetic evolution trajectories highly uncertain. In
simple physical systems that can be characterized by afew evolving and interacting parameters,
the theory of non-linear dynamics has proved very useful. However, in real alloys and material
systems that contain a multitude of microstructures, phases, and compositional variations, precise
determination of kinetic pathways is beyond the state of the art. Experimental and computational
methods for description of the rich kinetic trajectories for phase and microstructure evolution are
required.

Development of new methods enabling integration of experimental and
computational efforts

The seamless integration of experimental and modeling efforts will require several advancesin
both experimental and computational sciences. Presently, a number of major advances are being
made in instrumentation and in the development of techniques that hold promise for achieving
fundamental breakthroughs in imaging reaction processes and measuring kinetics at high spatial
and temporal resolutions. Furthermore, progress and availability of microelectro mechanical
systems (MEMYS) devices and micro-fabrication processes permit miniaturization of multi-
functional experimental |aboratories to provide unprecedented opportunities for observation of
processes governing the evolution of microstructure and concurrent measurement of the
Macroscopic properties.

A variety of emerging experimental tools can be applied to probe materials phenomena of
interest for advanced nuclear energy systems. For example, diffraction techniques are now
becoming available to reveal microstructural evolution three-dimensionally as a function of
strain, allowing the complex dislocation patterning rearrangements during fatigue to be
interrogated. The development of aberration-corrected (scanning) transmission electron
microscopes integrated with miniaturized laboratories for operation in the microscope will
provide new opportunities to investigate dynamic reactions and processes at unprecedented
gpatial and chemical resolution. Probing the interaction of dislocations and mobile interfaces
with nanoscale diffuse chemical clusters during deformation at elevated temperature offers the
possibility of identifying the atomistic structure and chemistry responsible for the thermal creep-
and radiation-stability of the clusters. In situ deformation, irradiation and nanoindentation
experiments can now be devel oped and performed for awide range of materials and complex
microstructures.

These and other experiments should be coupled with corresponding modeling techniques,
providing direct comparison between observed and simulated phenomena, for example, static
and mobile dislocation (interface)-defect interactions and thermal and radiation stability of
microstructure. Synchrotron radiation offers statistical information on defects in the bulk.
Advances in developing X-ray microbeams and grazing incidence techniques enable the use of
polycrystalline specimens or thin films, and intense sub-nanosecond pulses provide new
opportunities in shrinking time and length scales. The new “LEAP” atom-probe microscope
offers chemistry at the atomic level. These new experimental capabilities can provide
guantitative and highly specific atomic-level information on the phase evolution, defect
microstructure, and interactions of defects with microstructural features to both validate and
guide modeling efforts. Developmentsin crystal growth and thin film technologies for tailoring
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experiments to critical issues, especially in the area of synthesizing nanoscale structures and
controlling sink structures (Wei et a. 2000), deserves attention.

While experiments on carefully selected model systems serve to validate and inspire
computational efforts, a comprehensive understanding of the structural and chemical
modifications and deformation processes will only be enabled through computer modeling and
simulation. These models, however, must include the complexity that one cannot hope to deduce
from experiments aone. Present models are effective in cal culating energies and structures of
isolated defects and simple interactions, but new models are needed that integrate the different
elements of the evolving microstructures and their relationships to mechanical properties.
Models are needed that interrogate themselves for critical input and thus inspire experimental
efforts that are both in series with modeling and embedded with modeling interactively in real
time. As noted by Olson (1999), an age of increasing cost of experiment and decreasing cost (and
increasing power) of computation-based theory, a design approach making maximum use of
science-based mechanistic models and the sequential, deeper evaluation of a small number of
prototypes cannot only reduce the time and cost of initial development but produce designed
materials with more predictable behavior. This approach can also reduce the time and cost of
process scale-up and material qualification.

SCIENTIFIC CHALLENGES

Since material performance is largely controlled by its microstructure, and in-service exposure
conditions drive changes in the microstructure, an overarching objective is to discover the
physical mechanisms that control microstructural

changesin material under irradiation.

Microstructural evolution in nuclear fuels takes

place concurrently with a continuously evolving

chemistry as new atomic species are created by the

fission events. The evolution in nuclear fuel is

illustrated by a cross-sectional view of highly

irradiated fuel shown in Fig. 3, where an initially

homogeneous microstructure of sintered (U, Pu)O,

has evolved to produce several regions with distinct

microstructures, including the formation of alarge

central void (Olander 1976; Hellwig et al. 2004).

These gross microstructural changeslead to

phenomena such as thermal conductivity

degradation and pellet-cladding mechanical

interaction. Microstructural and chemical evolution

in waste-formsis more mO(_jeSt, With the mal or Figure 3: Cross-sectional view of the maximum
challenge related to predicting reaction kinetics power position in a uranium-plutonium oxide
over extremely long times. Our limited sphere-pac fuel segment. The central void and the

; fully sintered regions can be observed. (Reprinted
understanding of the fundamental processes that with permission from Hellwig, C., K. Bakker,

_control microstructural char]ges anq ho_w th_@g T. Ozawa, M. Nakamura, and Y. Kihara, 2004.

influence property degradation during irradiation “FUJ—A Comparative Irradiation Test With Pellet,

and long-term aging will greatly challenge our Sphere-pac, and Vipac Fuel,” Proceedings of

ability to develop new advanced nuclear fuels. International Conference ATALANTE—http://www-
atalante2004.cea.fr.)
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In the case of structural materials, radiation-induced microstructural evolution is somewhat less
dramatic and fission-induced chemical changes are absent. However, the radiation damage
challenge in advanced nuclear energy systemsis daunting, since high dimensional and
mechanical stability isdesired for structural materials for irradiation doses that may exceed

100 displacements per atom (dpa). Considering that 1 dpa corresponds to the displacement of
every atom in the lattice, and that approximately 100 times more atoms are violently mixed and
redistributed onto different lattice sites during the sub-picosecond portion of an energetic
neutron-induced displacement cascade, an extremely efficient mechanism is needed to promote
“self-healing” (recombination) of the point defects produced by the irradiation.

The fundamental processes that give rise to microstructural evolution must be understood and
rendered predictable to facilitate the devel opment of new materials with dramatically improved
performance. In addition to conventional uranium or uranium-plutonium oxide fuels, advanced
formsincluding inert matrix fuels, metal alloy, nitride, carbide and hydride fuels are of interest.
Radiation-induced microstructural evolution in fuel cladding materials will generally mimic the
response of the same aloys when irradiated in a non-fueled environment. Neverthel ess, the
presence of the fuel has been shown to influence the response of the cladding. In stainless steel
cladding, void swelling has been shown to increase and fracture strength to decreasein fueled
pinsrelative to unfueled pins (Cannon et al. 1986; Uwaba et al. 2002). Some of the differences
can be explained by the more complex stress and temperature histories experienced by fueled
pins, and in addition, to the effect of solid fission products that react with the interior surface of
the cladding. Ultimately, the specific challenges that need to be overcome will be determined by
the fuel and clad material choices, the particular reactor type, and fuel assembly design.

With the advent of more advanced computational and microstructural characterization facilities,
new opportunities exist to perform basic research on nuclear materials relevant to the overall
goals of Global Nuclear Energy Partnership. This research includes investigating the broad range
of complex physical and chemical processes that take place in irradiated materials, deformation
behavior of irradiated materials, and potential differences between material mechanical
properties as they exist during irradiation and those observed in post-irradiation testing (Singh

et a. 2004).

POTENTIAL SCIENTIFIC IMPACT

Accurate electronic structure calcul ations of actinides would permit the development of new
knowledge about these novel materials, including the prediction of fundamental material
properties that determine their behavior. This would permit the development of realistic
interatomic potentials for these metals and their oxides and enable large-scale atomistic
simulations to provide the underpinning for mesoscale models of microstructural evolution. The
linkage of models at different scales will enable the integrated modeling of the full range of time-
and length-scal e phenomena rel evant to the phenomenon. The new computational materials
science methods that must be developed to obtain a fundamental understanding of the behavior
of these complex, heterogeneous materials under irradiation will by necessity advance the state
of the art.

A thorough understanding of the physical mechanisms controlling radiation damage
accumulation, microstructure stability, and deformation at high temperatures and the
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rel ationships between matrix strength, deformation, and fracture will enable a new regime for
atomic-scale manipulation of nanostructures and interfaces in structural materials. This will
revolutionize materials performance, not only for nuclear environments, but also for awide
range of energy technologies that require high-performance structural materials for high-
temperature service.

POTENTIAL IMPACT ON ADVANCED NUCLEAR ENERGY SYSTEMS

A more compl ete and mechanistically based understanding of microstructural and microchemical
evolution in fuels and stru